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PREFACE

IRIA {Infrared Inforriation and Analysis Center) alt the Infrared Laabora-’mr'v; of
~ The University of Mh.hi an's Instityis of Soizaue #0d Fechyolcgy is zeﬂ ;nsibla
" A ',: for the collection, analysis, and dissemination to authorized recipxents of all in-
formation concerning military infrared research and development. To this end,
'IRVIA prepares annotated blbliographies,' subject pibliographies, state-of-t‘he-arti.
reports, and miscellaneous publications; IRIA aiso 8ponsors symposiums and pro-
' Vides advice and 'Lssistanes* £ visitors.

; 77 IRIAs suppw ted by a tri-service contract, Nonr 1224(12) administered by
the Office of Naval Research, Physics Branch. A steering cummittee consisting
7 of representatives of the three military services assists in the techhicii’direction
A, _ ’ of the work. Contracts and grants to The Uriversity of Michigan for the si'npport
' 7 of sponsored resesrch by the Institute of Science and Technology are administered

Ps

through the Office of the Vice-President for Research. - s

P wT ) Thxs report ,resenta ‘the ehults of a two-year effort to compne and analyze
S “Hdta. Ir addition to the authors of each section, the following indlviduals contri-
buted significantly to the report. Professors Levinstein and Cashman criticized o

e

the contents of the emure report and made valuable contributtions to its stope and

_.accuracy. Dr. George Morton of the Radio Lorporation of America criticized and
made contributions to Section 5.4; Werner Beyen of Texas Instruments Incorpora-
ted contributed to Section 5.7; a.ud Dr. Philip Cholet contributed to Sestic'5,.8,

Finally, Davxd A.ndlng and John Duncan assisted in many of the calculations, in the

compilation and in some oi the writing.

Since the material presented here represents this country's state of the irt i{n

infrared quantum detectors, the report is classified confidentia) in it

n
i1}

. those pardgraphs which eontain nonfidniiel Taia are so labeled,
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INFRARED QUANTUM DETECTORS

ABSTRACT
. Undassifiecd

The theory of the detection process is described, and data such a3 WDyl ‘.
-+ nolse spectrum, time constant, ard resistance are given for the following infrared
detectors: the lead salts, impurity-activated germanium, germanfum-silicon
alloys, tellurium, indium arsenide, aad indium antimonide. Appendixet.inghude 2
description of test procedurés, immersion techniques, and cooling deviceso o n |
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INTRZ DUCTION
Williarm L. Woife
1.1. PURPOSE
The design of an infrared detection, mapping, or tracking device is predicated on a knowled{;e i-}f
the quantity and quality of radiation at the entrance aperture. When such information is known, the :

design is then based on considerations invoiving the ccllecting optics, the scanning system, the trans-

ducer, and the electronics. The traasducer, or the detector as it is usually called by infrared workers,

is the heart of the system. Its characteristiﬁc,s usually govern such things as the permissible informa-
rinn rate the réquired bandpass, the size of the instantaneous field of view, and the huli{’:ﬁl of the total

field of view. The detector is also a prime determinant of the least radiation difference ietectable by
the equipment. ’ e ! ‘ .}'

A detector is usually chosen for a system first on the basis uf its spectral se’nsitiv'ii;ib, and next on
the length of time it takes to resii-bnd to a signal, the available areas, noise characteristics, cooling
requirements, and mounting. Additional considerations are its characteristics as a circuit elemént—
principally its impedance — and such things as microphonics, availahility, and ‘cost. Certainly, it is

not possible to place these characteristics in order of importance for all applications, but the general

arrangement indicated aboye is probably representative.

The purpose of a state -of-the -art report on detectors is at least two-fold. First, ali the above-

. mentioned characteristics of detectors should be presented in a clear and readily accessible form.

'The system designer can then use the data he needs. Second, there should be included encugh theory

for the engineer to estimate tl. characteristics of detectors of the future for his systems. This theory

should also-provide a basis for the detector workers tc advance the state of the art.

The first four chapters of this report introduce and describe the ways that solid-state devices
are used to transduce a fiux of incident, infrared photons into an electrical signal. Chapters 5 and 6
describe the properties of present photodetectors and some possibilities for the future. The appen-

dixes wnciude descriptions of test procedures, immersion techniques, and cooling devices.

1.2, LIMITATIONS
-

Here are two ways o classify ifrared detectors. They may be ciassified aceording to whethicr -

they ntrarate all the power falling on their surface or whethor they respond to ocal power densities

h s oo e
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throughout their surface, therotby creating an image. They mav also be lassmed accor

ably e mose {uindimenial, 182 in i!’ES"""mP“fﬂﬁn“ vroblems. Imaging de-

tectors. for the purposes ¢t this repor:, are such things as phcnwnmxssup tubes, the Evapeorcgraph,

the Edstghgraph, and the Thermicon. In general, the latter three d(*vxce% are presently not satisfactory

- wfanamd wnilitnner
O GAF W inirared Lazsacead

deveiopmeni.. Photoemissive tubes have a fundam\bntal wave 1ength hnnt of sensitivity which is short;
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they are therefore not useful in most modern systems which ale based on detecting radiation emitted’

‘by targets. Such radiation is usually concentrated in the longer-wavelength regions. Therefore, the

' imaging detector is not considered in this report. - i ,
) [

The two prmcipul methods of detizcting infrared radiation and tranaducing it iito an electrical slgL
nal are thermal detection and quanfunt (photo) detection. All infrared detectors ara ultimately auantum
detectors since radiation occurs in this form; the distinguishing feature, however lies in the method
by which the detector transduces the radiant power. Since tr ansducuon m the thermal- detectionucase
is primparily a simple power conversion in which the radiant power 18 ccn"erted into the mcreasl\d heat
of the detnctos , these detectors have a flat spectrai responge, On the ather hand the qua.ntum ort
Bh M-iﬁuors which reapond to Incident photons by changing éhelr electronic stmo &o not exhibitrl

paciQget
I

appreciable temperature rise; they hiave a very strong wavelength‘dependence. !
|l

Therma.l detectors hav» been used for many years. Some exampwa are bimetallic strips, th(::mo- )

h couples, thermopiles, metal bolometers, and thermistor bolometers. Generally, thermocouples ther~
mopiles, and bimetallic strips are relatively insensitive to thermal radiation and quite sluggls\h in

their response. Metal bolometers have not shawn much promise to date, aﬂhhough the work of L Davls
1ght be compe;itive

at tbe Hughes Aireraft Company indicates that such a bolometer i modern form,
in sensitivity and response with some phoiodetectors (Reference 1-1). Thermxstor bulomsfer.s lxrst
developed by Wi W. Bra:tain.(Réferenée 1-1), have been the workhorse of military detection sysfiems
in the 3- to 13- region of the spectrum (although recent, extrinsic detectors shouid surpass ahérm-
1stors in time constant and sensitivity). However, since tile present knowledge of thesmistor bolom-
eters has already been summarized, their properties are not included in this report (Reference 1.2).
________ "' writh thrca

'l‘nus, tis report is iimited W phwivdeiccios s, irdéed it will be concerncd primarily with those

detectors whnse operation is based on the photoconductive, photovoltaic, and photoelectromagnetic

propeeties ol materals,
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2 .
PHYSICS of the DETECTION PROCESS
Gwy!m H."Sui's '

An understanding of the behavior of electrons in solids forms the foundation for the der .-ription

“of The interaction of radiation with quantum detectors. Therefore, a summary of the energy-band

model of solids is presented to provide this foundation. g B . : o

2.1. SUMMARY OF THE ENERGY-BAND MCODEL
A very useful, though not fully rigorous, picture of the behavior of electrons in solids is currentlv
used in most engineering literature or’ semiconducting devices, and a numbe of good references exist.

The theory is vest expounded by the use of an energy-level diagram such as that of Figure 2-1.

Electrons move about in a c¢rystalline solid. The constants of motion are described by four quan-

tum numbers for each electron. Three quantum numbers specify the three component§ of momentum,

" and one quantum number specifiesthe orieatation of the electron spin. Within the solid, the momentum

quiantum numbers describing the electron motion have only discrete and usually closely consecutive

values. The total ene*g?‘ is a function of these discrete quantum numbers and hence will also have only

discrete values, which are closelv conse cutive (forming energy bands) except in a few important in-
AN

stances as illustrated by the gap in energy in Figure 2-1. o i =

For the purpose of this discuesion the Pauli exclusion principle applies; that is, in any isolated -

// S S S S
/C/onductlon Band/ .,
T -

AE ' ‘
(Forbidden Band)

////////// K
,',, /,,,,///

Flectron Energy

‘,,'// '//,",', /// iy

» 4 7 valence Band // //

FIGURE 2-1. THE BAND PICTURE OF AN II)FAI
SEMICONDUCTOR
*
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is specified by the same four quantum numbers. For every permissible set of four quantum numbers
therc is 2wvalue of energy which the electron must have. For an electron to occupy” an energy level

means that an electron has a motion described by the only four quantum numbers that correspond to

that energy value.

In a erystal at absolute zerc temperature, electrons tend to fall into the motion which provides
thé lowest total energy. Because of the Pauli exclusion principle. howe\l'er. all plectrona eannnt maove
at the lowasfenergy levels, su some electrons must then nove at higher enerrgies. In the case of an
ideal semiconduétor illustrated in Figure 2-1, the "valence band'" is fully ocevnied. There are exactly
as many electrons as valence -band energy levels to be occupied. A gap of forbidden energies exists
between the lower-energy valence band and the higher-energy empty conduction band. This simply
means that no combinai;on of the ft5ur quantum numbers corresponds to energies in the gap range so
that electrons canqot move through the material with total energies which are forbidden. .

|
2.2. THERMAL EXC'TATION OF ELECTRONS "
- The smooth motion of electrons through a crysta) lattice depends upon the perfect spatial peri-
odicity of the electrical potential energy. Any abrupt change from periodicity may provide a possible

" disruption of the motion. Evn\n at low ;emperatures (2.g., liquid-nitrogen temperati.re) the atoma 1n

crystals are in constant, agxta&\d thermal motion. The motion is also quantized and can be renre- :
sented by the superposition of mymy qua.nuzed plane waves of straln moving through the crystal,

Each quantum of strain energy; Ls gr\ieu the appropriaie name “phonon.”’ This mechanical agitation

tends to diszupt the per ;odi.,u,y and hence the smooth motion of electrons. However, a disruption of
the raotion can occhr-only to those electrons which can change their -motion or quantum numbers by
such amounts that the change in elsciron energy is equal to the enei:gy to be transferred by collision
with the atoms. Here the influence of the Pauli prinicple is important since the electron cannot ab- -
sorb such energy if the regulting change in energy would brnpr the electron to an energy level which
is already cccupied. In tkis random, agitated motion there is an important though infrequent chance
that a fairly large energy exchange between electron and lattice atoms will occur so that elecirons
with energies near the top of the valence band can take c.. energies near the bottom of the conduction
band where the levels are not likely to be occupred. Once conduction-band mstion is nstablished; the
' b .—:-.:1:::;3: =ven sinail additionai energy increments trom lattice atoms because of the
low prouability that adjacent enerpy ievels in the conduction kand will be ou.umed The resuiting

motion of the electron is then equivalent to Brownian motior: as long as it moves with conduction~band

‘enerygies.,
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2.3. THE CONCEPT OF "HOLES"

When an electr on in fhe valence band is exciled into condietion-hand energy levels, a vacancy
occurs in the energy level which it has left. This vacancy can be occupied by other eiecirons in the
valence band by mcans of smail chinges in energy which can easily be supplied by the lattice motion.
’r‘he net result is that the vacant level becomss occupied and a new vacancy develops at a slightly
different energy. This wandering vacancy acts physically as if a positively charged pa;licie weL e
undergoing Brownian motion with a tendency to rise on the energy-level diagram to the highest occu-
pied energy level (in contradistinction to the electron which tends to fail to the lowest unoccupied
energy level). The hypothetical particle is called a ""hole'' or p-type charge carrier because of the
positive effective charge. The electrons in the conduction band in paralle! nomenclature are calied

n-type charge carriers.

2.4. FLOW OF CHARGE CARRIERS *
If the energy levels of thie valence band were completely filleq, there would be as many electrons

moving in the +x direction as in the -az directinn 8o that no net current would fow. The application of

an external-electric field does not alter this situatlon since the electrons cannct increase in energy
by s..fficmntly small steps to accept avcelera.txon by the field. The Pauli prlnciple forbids snau
jumps to levels already occupxed and the gap of forbidden energies is too large.

However, as .55‘\511 as a pair of n-"and p-type carriers are formed by the excitation of an electron
from valence-band energy to conduction- band energy, current can flow, but oniy as much curreid 45 -
the motion of two charge carriers can provide. The conductivity is proportional io ihe number of such

carriers and to their mobility in the crystal so that
E
c = e(nyn + py.p) i
where e-is the magnitude of the electronif‘ charge, and u. and “p are the mobilities or the average
drift velocity per unit electric {ield, respectively; n and p are the carrier concentrations in the mobile

condition. Q
|
2.5. IMPURITIES IN SE:MIC‘ONDUCTORS

In most cares, mumrmes in semiconducting matenalﬁ are detrimental to the properties desir-
able in infrared detectors. bur under controlied cundiiions traces of i“.pm iting in othepwise pare
semiconductors can provide certain desirable chainges in the energy-band structure. f‘oncentratxons
of the order of 1 part in 1()6 to 109 of selected materials are sometimes intentionally introduced for

particular eftects.

o]
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Like any defect in the perfect periodicity of a crystal potential, an atom of an impurity in the

cevsial tends fo disrupt the suscoth motion of p- o netyne carriers which might otr

accelerate. In addition. impurities can alter the energy-bair d picture 1n various wavs as indicated in

Figure 2-2.

‘The wnergy levels due to impurities which are of interest fall within the {arge forbidden-energy

gap. These levels are indicated 2 short in spatia, extension, indicating that the electron is localized
in space in the neighborhood of the impurity atom causing this change. .
It should be noted that fur substitutional impurities (those which take the same lattice position as

the atoms of the pure materi'al), the dashed lines are not additional levels but represent an alteratiqn
of what was there before. )

Two important types of alterations may occur. The level marked D, called a donor level, is nor-

e the level marked A, calied an acceptor lével, is normally

sk o
s e

empty at low tomperaturc.

S S S S S S S S S S S S Levels

™~

b

I

£ Leveis’,
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FIGURE 2-2, THE BAND PICTURE OF AN IDEAL v
SEMICONDUCTOR WITH IMPURITIES

At higher temperatures the thermai‘ excitation is sufficient *o excite eléctrons from donor levels
to the conduction band in suck numbers thai the population of the donor levels is significantly depleted.
A semiconductor in this conditior. will exhibit impurity conductivity having carriers of predominantly
n-type. A similar

Dicture aonlisrg to n
Falidr Fi F

condueiion and accepiar leveis. The empty Iocalized

dunor ievel may be thought to contaiu a trapped hole, and the excitation of a valence-band electron to
that level may be viewed as the excitation of a p-type carrier from the lotalized level to the valence

band. In any real crystal there are boih types of impurity, although one type usually predominates.

ihe University of Michkigan’
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2.6, INTERACTION Wil KRALMATION

i3

i3 i
BDY RN 11315 sebatuged

dotiitle o, bt Laviiaiion by phoivns plays-d4 Centrai role.

Suppose a pure crystal is held at low temperature so that the number of excited carriers
trons in the conduction band and holes 1n the valerce band) 'is small. Let the gap of forbidden energy
he B . New when u ghoton of frequency £, such iimi bi » Eg, is absorbed 1n the crystal by a valeuce-
band electron, the elect an will be excited to the conduction band, creating an n- and'p-type carrier
pair which would not normaliy be there in thermal equilibrium. This extra pair increases the con-
ductivity of the crystal slightly as long as it exists. The rate at which pairs are created will be pro-
nortional to the number of suitable quanta‘incident vpon ttlie crystal. Usually the extia electrons and
holes.do not stay separated for long. They recombine by the aid of at least two mech_gm:sms, but the
end résuit is *he same regardless of the mechanism, 1.e., a conduction-band electron finds a hole in
the valence ...nd.d4nd loses energy so that it returns tothe original lower energy levei. The rate at

Sy

which extra n- a?."'d‘p-type carriers recombine will determine the average time extra carriers can
spend in the conducting state of motion. '

In a pure crystal the average time spent by the charg,;e?a\xfrlem in the conducting condition and
the average time required for recombinaiion are the. sarie. However, if spatially localized energy -
fevels cailed traps exist in an 1/mpure crystal, then the ctarge carriers willlspend a portidn of their
time in these nonconducting levels and will be [ree to conduct Sily intermiitently. The "lifetime” of
the carriers is defined as the avérage time which the charge carrier spends in the conducting conc*-
' tion, while the “"recombination time" is defined as. the average time the charge ¢arriers stay in the
excited states of motion.. which includes the time spent in temporary locilized positions at traps.
: Thus the recombination time is always greater thar or equal to the lifetime.

In many cases, a trap energy level can be "cccupied” by only one charge carrier so that the aver-
age population of carriers in all trap leve's can never exca d a certain maximum number. As'the
population of carriers in trap levels increases, the num‘éeroi’ unoccupied traps becomes significantly
sparse so that the influence of traps tends to b -come insignificant. The rate at which charge carriers
are .zrapped' depends upon the “crass section” for capture by the traps for a particular charge carrier.
Henee 7

Sy ' - v
Rn Lon -nTnAn,' Rp = Zp xprAp

10 ' |
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where R - the number per cub.~ centimeter per second of extra carriers trapped
- /.. = the capture cross section oi the trap
a

= the averake speed of the charge rarrier

Tn Gr Tr = the concentration of the respective empty traps

Anor Ap = the concentration of the respective extr, charge carriers in the conducting state of ‘motion

g

Subscripts n and p are used to indicate electrons and holes, respectively.

3

T SRS

The ratg at whick oxtrs -

oxirg Carriers air€ se~ewilied into the conaueting state of motion depends mainiy

upon the size of the energy jump required to get away and the concentration of occupied traps. The

o vy

dependence upon the size of the required energy is a statistical one governed approximately by
Maxwell- Boltzmann statistics. Therefore one can say that the probability of a transition is propor-
i tional to exp (-E/kT). where E’is the required energy and kT represents the thermal energy. When
thé therimal energy kT becomes very large compéred to the required energy, the probability of a

transiiion approaches i; when kT < < E, the probability approaches 0. Hence, '

F T exp (-E /kT)
n o n

tais
:‘O

7]
"

F T exp (-E_/kT
ppxp( o )

where G - the aumber of carriers per cubic centimeter per second which break free of iraps

F - a constant characteristic of the trap

T'n and T;} - the concentrations of occupied traps
B ='1f_,.he required energy
k- ;Ithc Boltzmann constan
T = the absoiute temperature

n and p subscripts indicate "electrons‘' and "holes,"” respectively.

If the semicenductos is placed in a field of incident radiation, extra charge carriers can be gen-
erated by absorbed photens. If ) represents the number of photons per unmit area per unit time in-
cudent on the semiconductor, and if a is the absorption coefficient, then a relation for the rate of

change of extra free carriers can be writien

(=4}
-3
>
=

g(An) =aJ - An/7 + F T' exp (-
at n nn

in

>~

3
1

nn

d . _ . . R )
di (Ap) - ad - Ap » Fpl‘p exp | E.D kT} ZpuprAp
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Although the further analysis of this model will 10t be covered here, certain important conse-

quenaes shoald e pointed ond Netice that the lifolimes of the two types of need not be

CATrTiers

same, and, in faci, are usually significantly different. The extra charge-carri r concentrations need
not be equal, and, in general, are significantly different. Recall that by definition An and Ap arve the
extra carriers which are in the conducting state. Those stuck temporarily in traps are not counted.
Sincc tho orystial is Zxpecivu iv Le eieciricaily reutrai at ail times, the balance of extra charge car-
riers must reside in traps when Ap # An. '

In the simple trap mcdel which is discussed here only one carrier is required for occupation.
Hence the concentration of empty iraps pius the concentration of traps occupied by exira carriers

must just equal the concentration No, Po, of trape normally unoccupied during thermal equilibrium —

i.e.,
- ' =
Tn * Tn Tno
1 +T' =T i
P [Y po

w ' Tius the above relatiors may be written as

A

dan_ ., 4n : (

at alJ o + FnTn exp / Znun(Tno n) An
u d_A“ /aJ _A£ FT e (-_EP)- Z u (T -7 )A
K at - A -7 fplp CXP\%T pp no” " P

In thermal equilibrium all qua.ntmes of An, Ap, N', and P' aré zero by definition. Hence, An and
"Ap will both increase at the rate of aj when proper mummauon is abruptly started. When the steady
state has been reached under illumination

¥

e
e
)
[}
(=]

Moreover, it can be demonstrated by straightforward reasouning that the terms on the right must bal-

Aoy dem ssmdanas . 3 )
S7lY 11 pair3.

'll,il . i i

vy ) |

Fy I" exp\kT) Zn(Tno-Tn)An=0

and similariy for the p-type carrier. Since there is no net trapping now, the population of extra car-

S aiwe

riers is simpiv An 7 aJ and Ap - Tr:{.l,
n r

* 12
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The effect of shaliow temporacy traps on the response time is usually to lengthen the ris
the decay iimes. In nrder to establish a steady state, ddditional carriers must he generated to pop-
uiate the traps as well as to supply the usval loss of carriers through recombination. The decay time

is also delayed by the time required to empty the population in temporary traps.

The final recombination of carrier:s can occur by the direct collision of p and n carriers so that
the process can be written as

photon=—p* +n”~

. The r--action rate of the reverse reaction is very small. Scme traps resgide in gemiconductors which

have energy levels witi relatively large energy differences {rom the valence ba;\d or conduction band
In ihi8 case, the probability that a trapped carrier may be re-emitted to the conduciing condition by

thermal agitation is small rompared to the probability that recombination with tne opposite carrier

will occur at that trap. The traps at which recombination can accur are sometimes called "recombina -

tibn centers."” i . : <
The following reaction can take place:'
“r+n =r,n) +phonon
- ) + N
(r,n) +p —=r + phoncn

where r represents the recombination site, and ihe phonon represents the mechanical motion of ihe
lattice atoms. Actually reactions other than that lieted above can also occur. Y the energy levels
and enevgies of reaction are proper, the reaction described by the secund line above couid be a re-
action described by

(r,n)” +p s=r + photon

where the photon which is emitted 15 of lovjer frequency. In general, comtjinations of these and other
reactions take place simultaneously.

Since the lifetime of a carrier 18 measured only by the average time exira carrie!8 remain in the
conducting condition, the tra.bping of a carrier by a recombination center ends the life of the carrier

even though that carrier may have to wait for-a carrier of opposite type to complete the recombination

reactinn; so it is nov unexpeciad

to find the lifetimes of the twe carrier types differing by significant

B
re

amounts. Onez tvpe of carrier usually waits for the other in a recombination center.

The operation of infrared quantum detectors in the photoconducting, photovoltaic, and photoelectro-
maginetic modes is based upon the monitoring of the extra carriers generated in the above fashion. The

means by which this monitoring is performed determine the mode of operation of the detector.

13
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3
' THEORETICAL DESCRIPTION of DETECTORS

Sol Nudolmna:,

This chapter deals primarily with the processes of signal and noise generation in quantum and
theirmal dﬁ'tectors. In acddition, a detector's spﬁ»ed of response and its spectral—;esponse character-
isticsas eaescrwoa However, additional informaticn pertmmt t the
in Appener: A _ ) i

\\\

se last (wd/parameters is found

‘The mechanisms involved in signal and noise generation will be described in substantla.l detail,
accompaiitad generally by quantitaiive treatments that hopefully exempufy appropriate analysis pru-
cedures. The intention here is to establish the necessary background for Chapter 4, which deals with
theoretical concepts for evaluating the performance capabilities of detectors,

“

3.i. S:CNAL GENERATION IN QUANTUM DETECTORS

The quantuin detector absorbs electromagnetic radiation (or photons), and thereby generates in-

ternal charge carriers. The mechanism of this process requiree that the quantum of energy asso-

ciafed with the photons (E = hx/ c) be greater than some critical energy corresponding to allowed

transmons between energy levels in the forbidden-energy region, the conducticn band, and/or the

valence band of the semiconducting detector. This process is carried out without any significant

temperature change.
age or a current.
3.1.1. PHOTOCONDUC T{"E DETECTORS. The photoconductive detector is generally operated

wili) the simple circuitry of Figure 3-1. The volitage drop VC across the detector is given by

c ©o@E-1

where V is the b battery \'oltige

as
T is the lpad resistor

1 18]

e is the resistance of the photoconductive delector.

The »1nal voltage 1s the variation in the voltage drop caused by tne change in re whep the detec-
tur 15 cxposed to signal radiation.

The carriers so generated appear in a form suitable for measurement as a volt- -




7 ! )
z Instiivte of Science ond Techrolegy The University of Michigan
= . .
) ) Thereiore
AV, =1.Ar, + &l-r,. =1-4r
wWhelo T{the bias current) - V.{r, - ), aud Al = 0, since pholvconduciive detegtors are generaily
IS ~—
.

operated under constant-current conditions.

The change in resistance is due to the change in the number of carriers created by the absorption

& nen [ VPO, oo e
i T e

nial photons. The simplesi case is e iniraeic phoilvednductor whose hoie and electron mobilities

i psiy
[¢]

are approximateiy ejual. The geometrical configuration shown in Figure 3-2, where the elecirodes

-5
=
0]
T

laced across the wd end faces and the 2w surface is exppsed to radiation, will be used for all

i |
2s o {mam 4 £ e o P L T T WU S S b
diz i that follow, un therwise indicated. Th il resistance is given by

4-’1
£
o
éa
o
:
3)
]

e~ Paw ~ odw ~ Tneudw
where p is the electric resistivity
‘ v 18 the electric conductivity = ne_un - pe,up = 2neyu
" ) 1 18 the mobility and B, = “p
n is the concentration.of electrons
p is the concentration of holes
¢ is detector length
w is detector width

d is detector thickness

hoo
T §
( [
= ”
rL PREAMPLIFIER B
i
=
- I
FIGURE 3-1, PHOTOCONDUCTOR DETECTOR FIGURE 3-2, DETECTOR GEOMETRY
CIRCUIT
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When radiation sirikes tne.derecior, it cauidcd 4 Chage Ls the density of carriers. and therefore
a change in conductivity. The change in resistance is then given by

AN
e, et s
Ar = AT TG TN

3-2)

where Ns = nwld, N is "total number of carriers,” and the subscript S.means "due to signal radiation.”

The signal voitage is then

-1 -V pt S -
VS_IArC_rL+r dw n '(33)
or
AN
v ..V ot ~ S8 o (3-9)
S Iy +To dw N

The. photodétector's small-signal properties are governed by (Reference 3-1):

4 AN,

a ANg T Aaglg - — ' (3-9)

where ANS = N{t) - N, A is the area wf, N is the equilibrium number of electrons in the absence of

the signal photon flux density J s s is the responsive quantum efficiency, N(t} is the number of elec-
|

trons at time t, and 7 18 the electron-hcle lifetime. The solution of this equation for a sinusoidal sllg-

nal of modulaticn frequency, f = w/27, is

. Angd T ’
jangin | = Ml co (3-6)
1+ (w7)
The fraciicnal change in conductivity is .
faN (f) | nJ.T
M SN

—— = 3-7)
N nd\Jl + (wr)* : ,

The signal voltage is

vo=_Y__ Bt Tss i (3-8)
] 1 T uw
L c nd \11 + (;u?)z

It is clear that signal response improves with longer lifetimes, improved quantum efficiencies, and

decreasing equilibrium density of carriers.

16
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3.1.2. PHOTOVOLTAIC DETECTORS. 'fhe infrared photovoltaic detector is usually a single
crysial of some semicenductor, with distinctive n and p regions. These regions are separated by a

barrier calied the "depletion’™ layer, across which a strong eieciric field exists. Similar layers can

alsou be formed at a metal-semiconductor contact, at a p-type surface on an n-type bulk crystal, and

at a junction between two semiconductors with unegual.band gaps. Al of them can be used to generate
photovoltages.

v

Consider iwo crystals which are ide~tical except that one crystal has impurities wiich make it

§ b

n type and the other has different impurities which make it p type. The first crystal has a greater
density of mobile ov free zlectrons; the second _‘mlxs a greater density of holes. I these two crystals -
are connected together with perfect alignment of the atoms so as to make one large single crystal,

. then the higher concentration of free electrons in the n region causes a diffusion of electrons into the
’ p region, and vice versa for holes. Each region of the crystai is initially lndepéndently neutral (even

though the two regions have opposite types of conductivityv). !'I‘hus"'w,hen an electron diffuses from the

e

n to the p side of the crystal, it gives the p side a negative charge. The next charge to diffuse over
N does s0 wiih more difficuity since the first charge has created an opposing electric field. Each suc-
) cessive charge that diffuses over experiences increased opposition and requireA more energy {o get
over to the p side. Those that do get over have an increased potential energy correspondiug to the

) charge build-up. Exactly the opposite situztion prevails for holes. A negative charge layer is build
) up on the p side, while a poéitlve__charge layer ig built up on the n side. This is shown in Figure 3-3.

' Finally, an equilibrium situation is reached where elecirons diffusing from the h- to the p-type re- .
gion-'. are balanced by a flow of carriers drifting in the opposite diréctlon because of the electric field.
A corresponding situation appiieé to heles. This explains why a-current flyw is not cbserved when the
two regions of the crystél are connected to an ammetex;. At first gl%;nce, an examination of Figure 3.3

would lead to the impression that the charge distribution should cause the crystai to behave like a bat-
| teéry, since cleai‘ly‘ an electric potential diffnpenée exists. However, the rcial current is the sum of
the currents caused by this potential difference and that due to the imbalance in the charge densities
of the two regions. At equilibrium, these currents are equal and opposite, resulting in a net current

| ~ flow equal to zero. Mathematically, this situation can be described for the one-dimensional case as

foliows:
i GV
3 i =0E~=- I (3-
4 I = 0E = -neu gy (3-9)
e n%’gﬂngg ' (3-141)
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Valence Band

FIGURE 3-3, p-n JUNCTION. (a) Simplified charge
diatribution across the barrier. (b) Energy-level
diagram.

where E is the electric field, the p-n junction is taken' perpendicular to the x diréction, ivx and i q are
the electronic drift and diffusion current densities, respectively, Dn is the diffusion coefficient for

electrons, given by the Einstein relationship

b KT
n e

u (3-11)

and the other quantitics are as noted earlier. At equilibrium, these two current densities are equal

and opposite, so that

o av dn .
- neuna & Dnea-; ) (3-12)

- This expression can be integrated to relate charge density and potential distribution in the barrier

layer as
. by 1 :
nix) - A exp} — V(xj (3-13)

A

where A us an meEration constant. A simuar derivation applies for heles.
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Wher photuns arc continually absorbed in the region of the p-n junction, electrdn-hole pairs are
created. This added co

ncentration of carriers alters the diffusion and drift processes established
when no photons are incident and resulis in a new equilibrium condition, A new, lower potential

difference exists across the barrier. The electric field cauging electrons to drift toward the n type

region and the hoies in the nzpusite region create negative and positive charges in the n ard P Tegions,
respectiveiy. This results in the generation of a photovoltage measured across .the junction. Thus a
vuitage generator has been created by causing a new distribution of charge carriers which exists

only as long as new carriers are continually being generated by the absorption of photons.

Another approach to un*erﬂta..uing the basic process is to think of the device as a kind of current
generator in which _tne new carriers generated are forced by the new nonequilibrium conditions to
move out of the crystal junction. The n side of the crystal, now with ico many electrons, becomes
the negative electrode and electrons exit through its electrode. The situation is reversed for holes on

the p type side, with the understanding that the departure of holes correspoids to electrons entering
in p cryetal,

A guantitative treatment describing tius siiuation can be arrived at by utilizing the theory of the

p-1 junction diode. We shall rot try to develop this theory here, but oniy to describe its results and
the physical mechanisms involved.

The p-n junction is a diode whose voltage-current characteristic depends oa the bias direction

and the magnitude of the bias. The modern theory of the p-n junction derives from Shockley (Ref-

erence 3-2). The evolution of the thcory 18 described by Moll (Reference 3-3). According to Shockley,

the current-voltage re.atlonshlp ln the simplest case (low applied field and steep concentration gra-

* dients in going from the n- to the p type regions) is given by:

1=1 [exp (eV/kT) - 1] ) (3-14)
where
p D n D
__ap_ Ppn _
L=t +*x (3-15),
P n
where L

o and Ln are the diffusion lengths of minority carrier electrons and holes in p- and n-type

b

materials, respectively, and D and D are the corresponding diffusion ccnst:;'::.,. The diffusion con-
stant and diffusion length are rel.;.ted b)

L= D7 =~ T uT (3-18)

-t
0

"
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WieTre 7 15 lie wiinurity carrier lifetime (References 3-+4 and 3-5; and D is the diliusivn cocflicient
for cither hojes ar electrons, as incicated by’ a subseript. In this treatment, the current of holes flow-
ing in one side of the junciion is the same 2s that ﬂowix;ﬁE out the other, while the current of electrons
is also equal at both surfaces of the junction but moving of course in the cpposite duecuon. The net
current flow is then simply the sum of the hole and electron currents. One assumes further that the
flow of electrons into the p region and holgs into the n region (after passing through the junctior) is
essentially a diffusion process; that is, the n and p regions are more highly conductive tk}an the junc-

tion; thereiore practically all of the voltage drop is across the juhction.

It is clear, from examination of Equation 3-12 in the case of an applieq voltage sufficientiy large,
that I is exponentially dependent on the voltage. When the applied voltage is negative, the current flow
approaches the saturation value Is. The {irst case exists when thg n region is attached to the negative
2lectrode of a d-c supply, while the p regicn i~ made positive. This reduces the potential cifference
acress the junction from its original equ.br;um value and facilitates current flow, When the bias is
apphed in the reverse direction, and the current reaches its saturation value, the current flow is due

entirely to the number of mino.rity cai-riers able to cross the junction. It is now the electrons origina-
ting in the p material, within a di.!fusion lencth of the barrier Lp and the holes in the n material with-
in a diffusion length of the barrier .. o .Jhlch constitute the carriers for current flow. These carriers
are created hy the G-R (generation recombinauon) process whereby clectron-hole paics are creaied
in the lattice irom phonon (thermal) interaction between atoms that make up the lattice. The saturé-
tion arises when all possible minority carriers from either side of the junction region are conttribut-

ing to the current flow.

The theory and experimental results, however, diifer somewhat, even aiter all sources of error
such as surface leakage and crystallire imperiections are included in the analysis. To resolve this
difference an exira current coimponent is distinguished, which is attributed to charge carrier genera-

tinn by the ahsorption of photons in_the barrier region. The p-n junction equation then becomes

I=1 [""p (k¥) 1] 'Esc ‘ , (3-17)

where I, is the current induced by the incident background radiation. Derivations of 1,. are given

by Cummerow (Reference 3-6) and Rittner (Reference 3-7) in treatments of the solar battery.

The tpéatment of the p-n junction is stiil not complete 1n that account has not yet been taken of the

facts tha: carriers are created by phonon interacticn in the generation-recombination process within
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the barrier region, and that there is a shunt-conductance leakage for practical diodes. The equation

hae to be further madified in the form

121 lexol €Y Y- 1]-
l_l.sLexp(\ﬁ‘ T’) l] ISC*GShv (3-15;

where 2 is a constant that provides the measure of the exira charge carriers, and Ge

h

" This last equation can be used to derive either an expression for the output open-circuil voltage
generated from a p-n junction photodetector, or an expression for the short-circuit current. When
used as a photodetector, without any biasing, V in Equation 3-18 becomes simply the generated volt-
age. For the open-circuit case no current can ﬂow‘, and the output voltage becomes

D Ten -GV \
v=”’;—T £n<—sc——5-h—-+1/l (3-19)

IS

while for the short-circuit case, where V = 0,

1=1g, (3-20)
In the case where
I -G,V
SC - sh™ _ 1
—__s .
the logarithm above reduces to -
lsc T GV
L
8
) /
and .
y - BT IS_C [ 1 (3-21)
e Is 1+ (BkT’/e)" (Gsh/ IS)J

For the case where a periodically modulated signal is superimposed on a steady background, a cor-
respondingly modulated voltage of amplitude V,, and current I,, are added to the background VB and
IB. The modified expression is

CVoexp iet) (3—22)

| e 1
- : . (Vv iof)] -TL- -1 wm ity - G (VY
I ISYXP !:31{ (V. _+V _exp I___[)-] (I I exp iwt) ’sh( B M

KT B M g [
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Consider only the simple case where the total voltage generated is sufficiently small so that

e _ e [y
exXP 5ep| Vi + Vi e xwt] 1= g [VB +V,, exp iwt}

Then

a1 [ : e 9 _
I=1 [ﬁkT {VB + Vg exp lwt)] - (_IB rdpy exp xwtj + Gy [VR +Vyy exp lwt]

The shor. circuit current becomes

ISC = - (IB + IM exp iwt) (3-23)
The open-circuit voltage becomes
I, + exp iwt
_ B lm
V_ +V_ _expilwts= T T 6 (3-24)
B M [se KT + Gsh \
The steady voltage is given by
IB
VB T e/AT+G,, ) (3-25)
and the a-c component is
A ul (3-26)

M= T e/t * Gen

Often, the p-n junction photodetestor is opérated in ‘a2 manner similar to that of the photoconductlv_e
detector. A bias voltage is applied to the detector in series with a load resistance, with the photosignal
picked off using the same kind of cirouitry ag for the photoconductive detector. The bias is applied’
to the junction diode in the reverse direction and effectively shows increased impedance to the pre-
amplifier circuit. Radiation is absorbed creating carriers that reach the junction region, causing
changes in the value of Isc' As pointed out by Pruett and Petritz (Reference 3-8), the response of the

photodiode to a small radiation signal AJ_ is obtained from the differential of Equation 3-18:

s
" Lo ar_. Gy

. Y . BAAELAF L -
. al S| A &Is exp _BdeJs>f GshdJs g (3-27)

The small-signa!l short-¢ircuit current generater for a Norton rep"'resentation is found by holding V

constant:
dI,
D
i~ al = - “Jd
S
s V = constant dJS

o]
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This *erm represents the increase in current due to signal superimposed on background radiation

photens, Thus

dI
T e
<8
and
is = -enAJs (3-28)

where J S is the number of photons per unit area per unit time ‘(tall'ing on the detector of é;.tea A, and
where the efficiency of conversion to electron-hole pairs is given by 1. Thus the signal current is

directly proportional to signal radiation.

3.1.3. THE PHOTOELECTROMAGNETIC DETECTOR. The eleciromagnetic {PEM or PME)

effect may be described with reference tvo the more familiar Hall effect; see Figure 3-4. In both efiects,
a sample of the semiconducting material {usuaily in the form of a parallelepipe) is placed in a magnetic

field and oriented su that its length is perpendiculzr to the direction of the miagnetic field. The sides
are arranged 8o that the magnetic ficld is perpendicular to ancther pair of paralle) faces. In the Hall
effect Figure 3'-',;1(b), a current is made to flow through the sample by the application of a potential

®/\\@
»
“«
i}
y
€

Hiji} e

FIGURE 3-4. CIRCUIT CONFIGURATIONS. (a) PEM effect; (b) Hall effect.
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diiference acrocss its ends. The magnetic-field causes 2lectrens and holes to drift in opposite direc.
= they travel ailcng the iengih of the sample.- In the PEM effect, Figure 3-4(a), photon ab-
sorption creates an excess coucentration of electrons and holes. The existence cf extra carriers at .
the {rout surface and their absence at the rear leads to &z diftusion of carriers from the {ront te the
rear to equalize the inhomogeneous distribution. This diffusion process obeys the same law as des-

ve fur the puolovollaic deteclor {kquation 3-10). .

The motion of the carriers in both ~amples is influenced by their interaction with the magnetic
field. In the Hall affect, electrons and holes usually .of different densities }}lrifting along in opposite
directions, and under the influence of the magnetic field, tend to accumulate a net charge on one side

of the sample. This results in a potentia! difference between this side and the opposite face. Elec-

trodes placed on these surfaces permit the measurement of this Hall voltage. The diffusion current

“in"the PEM effect has both electrons and holes moving from the front to the rear faces of the sample,
Y

Charge carrier interaction with the magnetic field causes the holes and electrons to be deflected in

opposite directions, and a potential difference vetween the sample ends develops. Electrodes placed

across the ends permit the measurement of the’PEM voltage. This voltage persists as long as_the
diffusion current fiows, which in turn persists as I\vng as the detector is irradiated.

Fea N
Another phenomenon that might be noted here is th Ie Dember effect. Consider Figure 8-4(&3 with-
out the magnetic field. Electron-hole pairs created at the front surface move toward the rear smface,
in a manner dependent not only upon the carrier concentration at the front surface but also upon their
mobilitieé. If the mobilities are significantly diffcrent, one type of carrier moves ahead of tae other.
This rcoults in a potential difference between the front and rear surfaces, referred to as the Dember

voltage. The resulting electric field creates a force in opposmbn to the dxﬁusion fon_e. The equa-
¥
tion expressing this relationship for holes is

I dp .
E = - Dpd—+ }1. pE . (3'29)

Undet equilibrium conditions, the electric-field current component equais the diffusion current and

1.0, <
D
B -2
y p

KT

¢

oy
“w

(3-30;

< T

sice I) = (kT/¢) up. A similar expression applies for electrons. It is clear that if electrons and
hotes mme with equal mobilities, the net charge displacement is zero, and the Dember voltage ceases
o ox1st. This field effect as noted by Moss (Reference 3-9) causes the slower carrier to accelerate

st faster une to slow down, tending to equalize their path lengths.

b
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The theory of the PEM effect has been investigated in recent vears by a numb@r of authors, who
have contributed to {3 continuous sofinement (Reierences 3-10 through 3-18). Moss suggests a readily
understandable approach which provides a useful expression for. thell"EM signal voltage (Reference 3-9).
Assunie that the mobilities are sufficiently alike so that no appreciable electric field dévelops. The

charges created at the front surface diffuse inward a distance given by their diffusion length.
L =~\D,7 ; (3-31)

where 7 is the average carrier lifetime. The distance moved by the carrier toward the electrodes is
given (for small 3) by o ‘

Lsingd=Ltan =@

An estimate of the angle 8 can be derived using the force compenents acting on the carrier. The
difiusion force per carrier is given by ‘

F - KT dp
D ep dy

The force creaféd by carrier interaction with the inagnetic field is given by

Fs =e[uxB]=euB

where

= B—-I .92. y,

€ dy "p

Therefore

SKTdp . n o e

’FB-pdy'JpB . h
and FB 7
tan @ = 45— = eurB (3-32)
EY D ,!

Hence the displacement toward the clectrodes Is given by
D te 3-33
-\[Dp a‘upB ( )
The effective ch:lrge recorded by the meter in the circuit is :
. .
20 +eoy F -34)
[ \le egpd {3-34)

The factor 1§ can be explained symply by considering that one lead of the crystal is attached to at

clectrometer. and that the other is attached to sround us in Frgure 3-5. Consideir a “hole’ of chargs
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FIGURE 3-5. EFFECTIVE CIRCUIT CHARGE AS A.
FUNCTION OF CEARGE DISPLACEMENT

inﬁmtesimalé:;"}:l‘cse to the grounded electrode. The potential energy recorded at the electrometer

is given by )
=P
, $ =%t

where « is the dielectric constant. Displace the charge a distance r toward the electrometer, so that

$q_p = P/k(l - 1)
The increase in potential energy at the electrometer due to the charge movement is given by
V=6, . - =prki(t -1) o ‘
The charge P induced in the electrometer can be expressed in terms of V by

ks V = P/ C -
The capacity between two points in space ig given by the distance between therms Thus

V=P/k{t -r)=pr/«xt({-1)

P=pr/t . (3-35)

A similar contribution arises from the electrons so that if bpth eiectrodes were placed directly across

an ammeter the net current derived would be

AL

neBJ __\ (3-36

. ___ 8 = L. AT
s 7T <“e JDe' x*"h\iuht/

where Jq 18 the number of photons per unit time absorbed by the detector element, and 7 gives the
efficiency for conversion of photons to'e\\le/ctromhole pairs. The equivalent open-circuit vuituge can
be obtained by multiplying is by the magnetoresistance of the detector.

The mobilities e and iy, determine the complexity of the PEM signal. For the simplest case,

where o &4, 1 reduces L0
€ h' s

s ..3-"2=(15I7) (3-37)

-
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3
ireated by many anthors inciuding Pincherle {Roeforence 8 14), Kuraick and Zitter {Reference 3-12},
and ¥ruse (Roforenc, [ 3-18), Zitter {Reference 3-17) has been shown that the short-cireuit PEM cur-

rent can be expressed as

H *

. _ 1, ] ‘

‘pEM T -+ o’ el-‘-BJSL.D 3 38)

where " T, .
* DTEEII 1+¢C)
tp- 2,2 22,2 (3-39)
1+u?B% v v 1+ (u?B /v
*

and LD is the effective ambipolar diffusion length, which for zero magnetic field reduces to the diffu-
sion length of the minority carrier in an extrinsic_ semiconductor
C is the ratio of electron to hole densities for the crystal in the dark -
L is the ratio of electron to hole mobilities >

- . N o) ~ K t
TPEM is the time ccnstant _for the PEM effec

For smaii values of uB it is clear that

L=l —Tsoc

J

1
e [ir G+ np e C)r" 2

and that for"ue Zp ~upandb=1,

- _ 5’L‘——'_—._,
Lp = \l e "“PEM

and that iPEM is pronorticnal to ,-13/ 2. Thefefore, in these limits, Zjtter's equation (3-38) reduces to

the form sugs sted by Moss (Reference 3-9).

In the case of uB large

1/2
o fkr We " By Tpgy (- C)]

L. =
b e wBlaecny

2.2 2 . : .
.such that u”B~ >>b", Theni,,..., aporoaches a value given by
£ Ralva

(3-40)

1/2
, 1 [ 1+C o, y12
bEM ~(1 + B)JS LkTe(\}f'L:C,T))} : L’“‘C + “h)]

and it 1s clear that the PEM signal is proportional to the square root of the effective mobility.
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The time constant appearing in the PEM etfect is a complicated quantity. It is definea by Zitter

{Referencs 3-17) and compared with the time constant for the photocenductive offeet as

Tn + C‘rp
.. L 3-4
"PEM " "1+C (3-41)
L D/b
'PCTTi+1/b » ($-42)
In extrinsic material TPEM is just the lifevime of the minority carrier, which ccrresponds to the fact
that minority carriers control the diffusion process in this kind of material. However,+ is based

. PC
on the fact that both carriers contrilbite to photoconductivity, regardiess of the type of material.

Since the time constant7 EM appears as a part of LL

P D

in the expression for the short-circuit, lpEM’ )

it is clear that

lpem ~ \PEM (3-43)
A comparison of the signai generated by the PEM effect tu-the photocosiductive effect can well be

made here. The photoconductive current dengity iPC can be expressed in the form

AN .
ipe = (1 + b) eJS“ExTPC L (3-44)

k]

‘where Ex is the applied electric field along the crystal. :An examination of the dependence on the time

constart reveals for the simple intrinsic case (assuming negligible trapping of excess carriers, where

L rp = Tpc “TPEM ° 7) that the PEM signal is propprtional t_x_) the gquare root of 7, whereas 1PC is
proporticnal tor. Thus the fast, short-time-constant-detector pwv!des 2 larger Signal in the PEM
" K

mode. Also, the magnitic field increases the effectivé rez@lxsgiince of he detector. Thus for the low
resistivity, short-time-constant (7 < XO-G sec) detector such as InSb, these two factors favor the PEM
effect 1n improving signal output and the ability to match detector impedance to a preamplifier. There
are other factors which favor the PEM detector. The PC detector is thinner than the PEM detector
and therefore is generally more difficuit to fabricate. In the fabrication of detectors care has to be
exercised to avoid damaging their surfaces; otherwise an increase in the surface recombination ve-
locities will result. Yet in mounting the detector, the back surface is aimost always made to adhere to
a cell mivunt. Thus the back surface 1s hkely to have an increased recrmhination velocity compared

to the front. This affects the PC detecier adversely in that the effective density of carriers is reduced,
whereas the PEN detector bensfits because the diffusion [orce increases as the con-:cevntration gradient

of carrivr densities from front to back 1> made steeper.
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A complete comparison of the different photodetectors cannot be made until their noise properties
are understdod. Further discussion is included in Chapter 4. where all the necessary facters are ex-

&mined.

3.2. NOISE
There are essentially five sources of electric noise that appear in the output of semiconducting .

photodetectors. They are callec.

" Johrison Noise
Current, 1/f, Modulati'+ , or Excess Noise

Generation-Recombinatici (G-R) Noise

Shot Noise

> e W N

Rackground Radiaticn

These noise types are treated ir the order listed; the basic mechanisms contributing to the noise

sources are described, and generally accepted analytié expressions that apply to them are given.

o ,2 1. JOHNSON NQISE. This type of noise is often referred to as Nyquist nnise, since both
Nyquxst (Reference 3-19) and Johnson (Reference 3- 20) treated this problem in 1928. An ohmic re-

“sist~nce can be pictured as a material which contama a number of free charge carriers which move

about in a crystalline lattice bumping inio one another and into the atoms which make up the lattice.
Tne motion of these carrxers is random in nature; the average kinetic energy ‘s.2a function of temper-
ature, the greater the temperature, the greater their average kinetic energy. If a sufficiently sensi-
tive ammeter or voltmeter were placed across a resistor, it would indicate fluctuating voitages or
curreats correspon&mg to the moticn dt the charge carriers. These fluctuations represent a noise
whnse hehavior is evolved purely from thermodynamic considerations and not from the nature of

charge carrirrs.,

Johnson ur Nyquist noise can be expressed as

)
v© = 4k Traf (3-45)

where k is Boltzmann's constant, T is the absolute temperature Af is the electrical bandwidth, r is the
ohmic resistance, and v is the voltage sluctuation given by the difference between the instantaneous

e valuss of the voltage, where

vt - v (3-46)
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3.2.2. CURRENT. 1/7f, MODULATION, OR EXCESS NOISE. All of the above terms have been used
at varivus times as names for the same kind of noise. (t is a noise that appears commenly in pheto-
detecinrs in zddition to the Johneon aoise alrcady discussed, and is generally found to have character-

isiies that can be described by the expression (Reference 3-21).

)

J— I"'
- Crax - of _ O (3-47)
where ‘d is the total current through the sample 5
i
f is the frequency k
C is a constant Lo S

Actuaily Equation 3-47 is not universal in that cases have been cited where the current exponent
has been found as small as 1.25 and as large as 4 (Reference 3-22), while the frequency exponent has
ranged from 1to 3 (Reference 3-23). However, these extreme exponential variations are not particu-
larlyéic\qmmon, and can usually be associated with a particular material, or to stme unique treatment

and p'h'-'s‘Ml condition of a material {(Reference 3-22).

f 8

’1‘he physical mechanism of this noise is the least understood of all the noise types found to date.
Petn\z (Reference 3-24) introduced the name "meodulation" noise to idéntify the mechaniem as some-
thing {quite different from the carrier-density fluctuations described in the G-R pracess (see Section
3.2.3), An effect is assumed that causes the occurrence of a magnitude of conductivity ‘modulation far

larger than that obtained from simple carrier density ﬂuctuatlons This effect might well he related,

o however, to the electromc transitions involved in the G-R process. A simple mechanism that has been

proposed involviss u.q falling of electrons (‘while they are undergoing the transitions mvnlved in the G-
R process) into electncziirl‘.;t't\x-;:; -‘p‘nt‘q‘(;r‘-ivells called "traps” where they are temporarily immobilized.
While the electrons are in this trapped condition, the local electronic structure of ;he crystal lattice is
changed. This may well result from some shuifling aboutof lattice particles to some new equilibrium
ennditions and a resuiting new electric field pattern. The neteffectis presumedtol}e a marked change
in the mobility of the carriers through the localized lattice, and/or 2 change in reéombination velocity,
and therefure conductivity modulation. Tue electronic traps are representad in the band picture as energy
levels located in the forbidden energy gap. They are usually due to impurities in the crystal lattice
and to crystalline imperfections from edge dislocatiou_s and plaztic deformation. Thus a conduction-
CCIrsn OF valéiws- band hwie muviey in ine \'icir{ity Of an electron or hole trap, respectively, is
suddenrly caught and immobilized in a bouhd state. Escape is then possible by absorption of phonon
energy. The probability of escape increases with increasing temperature, but decreases with' the depth

of the trap.

I AN




5 . I
e

1
’!
i
]

"y

flali

S

P

Institute of Science and Technclogy The University of -Michigan

Thie nwdulation suggesiion cifered by Petritz, however, cap still Y only a part of ihe picture. |
trophy and Rostocker (Reference 2-25), Brophy (Refsrence 3-26), and Bess (Reference 3-2%) found
with direct experimental evidence that the noise fluctuations in Hall volty
duency dependence pattern as the noise irom a conductivity measurement. It must be concluded there-

fore that, like conductivity, 1/f noise follows the fluctuation inthe density of the majority current

carriers.

The location of a major source of 1/f noise (at least in the case of germanium filaments) has been
found to ke the surface of the crystal. Recent studies by MacRae and Levinstein (Reference 28).
noted that'a surface inversion layer {(a p-type surface on an n-type crystal, or vice versa) is sufficient
to generate &igni‘fﬁ}iant 1/f noise. A qualitative picture of what is happening involves assuming a set of
two surface staté‘s", one fast and the other slow.. The slow states are associated with .the majority car-
rier traps discussed abmﬁe, and located in the outermost surface layer of the filament. The fast states
are assurmed to exist in the interface region between the surface and hulk materials and are primarily
responsible for the recombination velocity of the carriers at the surface. Cbrrespnnd!ng to the fluc-

enhanced conductivity modulation in the bulk.

Although the surface provides 1/f noise, it is quite clear that this kind of noise can also be gen-
erated in the bulk material. Brophy (Reference 3-29) finds that, by plastic defi)rmatlon, he can create
noise sources and cause an increase of excess noige by orders of magnitude. These sovrces are uni-
formly distributed throughout the crystal, and also contribute an unusual 14 dependence. Bess (Ref-
erence 3-30) assumed that the noise was due to edge dislocations with impurities diffusing along the
edges of the dislocations. Such distributions throughout the bulk can provide noise spectra similar
to that obtained by inversion surface layers (Reference 3-31). ’

When surfaces are treated so that their noise contributiogpfémfénimized, residual (1/f) noise may
still exiét. This noise has been assoclated with nonohmic coniact regions, probably due tc. minority-
carrier drift ééross the contacts. It appears that the fluctuating population of traps causes the capture
cross section of the surface recombination centers to be modulated, in turn causing a fluctuating cur-

rris U -

iers, resulting in current rucdualation.

The discussion of 1°f ncise has shown that the sources of this noise can be found at-the surface,
in the huliz, and at the contacts. A suitable theory has yet to be found which will provide a quantitative

expression for the carrier-density fluctuation and ihe modulation eff  t.
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3.2.3. GENERATICN-RECOMBINATION (G-R) NCISE. This type of noisc is inherent in the siec
stem of 30:!11ll_‘l_l!ll_il_l_(j.[lll{)) maleridis.  The basic mecidnisim tesponniiie fur it van e desceitred

asily in terms of the band picture of solids.

All atums in « lattice vibrate in a well-organized manner tc the extent that their vibrations are
quantized and can be described in particle terminology as "'phonons’™. The energy of the phonon is
given by '

B =4
wherefi - h’2r

h is Planck’'s constant

Valance-band elecirons are continualiy jostled by the vibrations of the lattice atoms. Every so
often, the nature and phasing of vibrations between atoms is such that an electron in their midst is
able to gain enough energy to be freed frem its bouid (valance-band) state, and to move about in the
conduction band. The eleciron is said to have suffered phonon collision, and to have undergone an
energy change according to:

E(k') - E(k) =tiw

where k and k' define the energy states before and after phonbn absorption.

When electrons leave the valence band foi- the conduction band,l_cha}xv:e carriers (electrons and
holes) become available for the purposes of current flow. The number of carriers created increases
with material temperature, and for any one temperature will be greater for diminishing energy gap.
The thermal (phonon) excitation process is statistical in ‘natux:e, aid the rate at which electrons are

excited to the conduction band fluctuates. )
In addition td; the statistical pulses of generation, a similar situation hoids for the recombination
I’ - -
of carriers. Thelelectrons and holes wander about the crystal lattice with some thermal motion, and
during a “lifetime' characteristic of the semiconductor,’k&t close enough together to recombine di-
rectly, or indirectly through a recombination center. The lifetime is ajsiatislically fluctuating quan-

tity, as is the instantaneous number of eiectrons and holes. Current-carrier fluctuations arc there-

for inherent in any semiconductor. These fluctuations give rise to G-R-noise. When a sample is

.placed in a constant-current electric circuit one may observe conductivity fluctuations causing electric

noise completely described by the G-R process.
Since this noise is a bulk property of the crystal and is due to conductivity fluctuations caused by
carricr-density changes, it follows that {from Equation 3-2)

_dr, _pf an_ _pl an
Ar’d;aAnrdw n Tdw N

gy
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and

2
= v2 - e (an? (3-48)
e d-
:: It can be shown that {References 3-1 and 2-21)
= A 2 .
£ , _ (—3‘?_ e i (2-43)
1T \wW}
2
TB Therefore
2
B Ve (3-50)
: ) ’ S i-l + (wT) ]
. ' or
R < _
i 2 _.2 27

as shuwn by Van Vliet (Reference 3-32).

o

3.2.¢. SHOT NOISE. This noise is uspally associated with vacuum tubes; it is described as the
} . electric noise that appears in the output of a vacuum tube when the grid, {f any, is held at a fixed
potertial. It is more carefully described in what ls usually called the temperature- -limited condition.
“Temperature limited” means that the anode voluge on the tube is sufficient to collect all of the elec~
trons emitted from the cathode. Consider a teimperature-limited diode connected to a resistance r
Because of the discreteness of the electronic charge, the number of electrons‘ emitted at equal time

intervals will fluctuate around an average value. The fluctuating current causes a fluctuating voltage

across r which can be amplified and meagured. The mean-square current fluctuation turns out to be

. constant up to frequencies of the order of the reciprocal of the transient time, and can ke described by
I (Reference 3-33) '

. .2 .
.. im=2eI, Af (3-51)
a-c .
. ) where e is the electronic charge and | d-c is the average current. Semiconductor photcvoitaic detectors
' ’ also exhibit shot-type noise. In the case of the vacuum tube, the electrons are taken as independent in
j thhe temperature-limited case, and it follows that the current through the resisiance wili consist of a
i series of short pulses, each pulse corresponding to passage of an. elecirca from cathode to anode.
,} In the case of the semiconductor, a similar situaticn prevails.
.

In a p-n junction diode, a space-charge
region is developed dcross the barrier and an asseciated ek-f’:‘eric field. Electrons or holes ¢r
4 : '

= ophoenons or backueround photons,

jo3
3]

eated
and diffusing nte the barrier region, are swept from the n-type

33
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material to ithe p-type material, cr vice versa. This results in current pulses appearing across the

diode with he same characteristics that are observed fcr the vicuum tube.

Petritz (Reference 3-21) hus devueioped a theory applicable to the lead-chalcogenide {(PbS, PbSe,
PLETGY phtaeondaetive films, which is suitable for discussion here. These {films are composed of a
system of tiny >rystailites separated by intercrysmmhe arriers. Where space-charge regions exist.
The barrier regions con*ribute both johnson and shot .iwises, while the crystallites generate the usual
Juiison nivise, For barriers wiuch are thin compared to carrier diifusion length, the barrier noise
contril- jon can be determined by using the expression noted by Weisskopf for the short-circuit noise

generator:

2 faT
1

r+ ZeIB\ Af (3-52)
B /
The total noise due to the aggregate of crystallites that make up the film is found by properly summing

the contributions {rom each of them. Petrits finds that the short-circuit current generator provides a

noise given by

2el. \
=[BT, “‘c)At "(3-53)

N

where n i8 the number of crystailites per unit length of the detector, r_ is the resistance of a barrier,

B
and r is the macroscopic detector resistance. The corresponding voltage expression is
'—2 20]’2] -
v = 4rkT + e (3-54)
i t -

3.2.5. BACKGROUND RADIATION. Background radiation can be thought of as a stream of photons
originating from the detector environment. The ceil walls surrounding the detector, its window, and
the media viewéd by the detector through the cell window all contribute to this radiation. The exteat

of the individual contrioutions is determined by their respective temperatures, emissivitiee, and geom-

Cetry.

Photons originating from the bacxground and impinging on the detecter arrive in a statistically
fluctuaring manner  In addihion, the detecter radiates in a manncr doponden
emissivity, obeying the same statistical law that applies to the background. The net fluctuation in
radiant energy exchange causes a corresponding fluctuation in temperaiure and provides the mech-

anism for the limiting noice process in thermal detectors. This hmitung process is calied “tem-
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perature noise.”” The photodetector is ingensitive to this temperature effec:. However, the radiation

fhie wation causos charge carriers io be liberated in varying amiounts, causing corresponding changes

in the photoelectric effect utilized. When the cause of the electric noise observed in a photodetector

is due to this radiation, the cetector is said to be "background-radiation-ncise limited."

Photons wbey Bose-Einstein statistics (Reference 3-34), and their fluctuation can be described by

- ( | 3 ni\
An® = nil + lexp(;—;__) - 1_' (3-55)
[ L
This expression reduces to the classical case
(an)? = n (3-56)

for values of
exp hw/kT >>1

Substituting v = ¢“A, and considering a room-temperature condition (= 300°K), reveals that the ex-

porential becomes sufficiently large for photons of wavelength less than 10 microns so¢ that classical

-statist:cs can be applied. Fellgett (Reference 3-35) shows the relationship between the number of

n5 and.their fluctuation; his result is shown in Figrre 3-8.

Contribution to G-R Noise. In the derivation of the expression of G-R noise, it was assumed that

the thermal gereration of carriers followed the same statistical process as carrier generation from .
i

1.0 : -~ |
o .
& A , i
4 An:J ' B I
A |
z 7
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5, >
AN ’ E
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“ x
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FIGURE 3~v. RELATIVE INTENSITY AND FLUCTUA-
TIOXN MOF PHOTONS AS A FUNCTION OF WAVELENGTH
AND TFMPFRATURE. (Fram Reforenes 27
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the absorption of background photons. Therefu: e the expressions inEquanons 3-48 and 3-50 ave appit-

cable here. The only difference is in the ‘caleulation of T‘!r:rthat is, the contribution to N by the radia-

tion, The compluie exprossion used o dorive Bguauon § 3V is given by Pewe {References §-1 and
6-21) as
—3 ar?. af "A(nrJr +0,.d,)
AN = : P - . (3-57)
1+ (wr)
where J ¢ is the lattice phonon flux

Jr is the background radiation photon flux incident on the detector

n!_, n ¢ are the efficiency factors for conversion of photons and phonone to carriers.
\kThe number of carriers created by the abscrption of photons is of the form
N ccAn J 7
r r'r

where

0
c
nJg =% f v (v, T) dv (3-58)
rr 4 E /h r r .
g
‘where n(v} is the réspansi.ve qhantum efficiency at frequency v; c is the velocity of light; nr(u, Tr)’

81v2

cs[exp (hv/KT) - i].

the density of photons in the background =

Similar expressions hold {for lattice processes. It is clear then that reducing the tcmperature of

the background or of the detector causes a reduction in N and the carrier fluctuation. Whea Nr is
greater than the number contributed by phonon proces:;eé , the detector is G-R-background ncise limited.

3.3. SPEED OF RESPONSE

The speed of response of a photedetector depends upon the mechanism by which charge carritrs
recombine after their generation by the absorption of radiation. Various recombination mechanisms
are possible and are described by Smith (Reference 3-4) and Bube (Referance 3-38). Generally these
mechanisms fall into two categories: (1) Radiative recombination, or recombination of electrons and
hnleg hy trancitiong nf alactrons from the conduction hand diractly tn the valence hand: {2) recomhing -
tior of clectrons and holes through recombination centers.” The decay rate depends upon the type
of mechanism.  the (oncentration of carriers generated by the signal, the concentration of recombina-
uwn centers, and often the existence of gicctron and hole traps whereby the carriers are temporarily

lmmaonzead ana undpie to varticipate in the kinetics of recombination.
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In simple processes such as (1) above, the photosignal decay after the removal of signal radia-
tion follews a simple exponentiai decay law, For more complicated mechanisms, the decay might be
described by a sum ol exponeniial ierms, or possibly a power law. Frequency-response measure-

wenis fuiivw a simiiar patiern oi complexity.
3.3.1. PULSE RESPONSE. When the photon-generated carriers in the semiconductor decay in
an exponential.'mannpr; the photoresnonge to a2 '

During the timé of exposure to the light pulse, the detector signal will increase according .0

v=vy[i-exp(-t/7] ' ' (3-60)

where Yo is the maximum value of the signal obtained for a light pulse sufficiently long so that exp
(-t/7) << 1. For a pulse of short time duration, to, the rise of the signal will follow Equation 3-60
to a maximum value o_f

7 = [ - o 4 ’ ) -
v = o[t - e (g, r)] . (3-61)

0

The decar that tollqws the end of the light pu}se is given by

t-t
v=v, |exp (- _..9.) (3-62)
i o v 7
& or .
i ' t-t \)
B .ov=Y, [1 - exp (- to/T)]- exp \' - | (3-63)

The signal rise ana fall are shown in Figure 3-7. Notice the asymmetry in the ris¢ and decay parté

of the trace, The rise is shorter in time than the decay, and the initial slopes of rise and decay are

FIGURE 3-7. PFERIGDIC PULSE PHOTOEXCITA-
TIOX AND DETECTOR RESPONSE
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significantly different 1n their absolute magnitude. To illustrate the latter, differentiate Equations

3-60 and 3-53 and examine their slopes at time t = 0, and tO’ respectively.
ol
. v.or . B A 1 "
dv | Qi /otN 0
T, lw (] a-69
‘t=0 t=0 |
. ¢t 1
dv | Yo I, [tV 11 P
at I =- 1= exp \~ /)il (3-65)
= A T =
t to t tO
It is clear that the decay and rise curves cannot lcok alike uniess the light pulse t, > > 7, ‘The fime

0
constant 7 can be obtained from a semilogarithmic plot of Equation 3-63 (the decay curve), whereas it

cannot be obtained readily from Equation 3-60.

3.3.2. FREQUENCY RESPONSE. When the detector response is observed for excitation by

sinusoidally modulated radiatio:, rather than pulses of light, the response is frequency dependent
and behaves as

Vi) = - -  (3-66)

where w = 27f, { is the frequency of tﬁe exciting signal, and 7 is the time constant for the decay

mechanism_. }‘ortunately many of the detectors in present usage follow the exponential law of decay,

and an effective time constant is easily reported. The measurement technigues used to determine :
the time constant are described in Appendix A, From a responsivity vs. frequency plot, 7 can be !

calculated easily from the selection of w when the response is down by 1/v2, for then ‘

1
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(3-67) 1

i

|

when wT =1 orr=(2 71"!')\1. \

Another approach is to measure the response at two different chopping frequencies, and take

. . Sy
the ratio of the twe.signals as followss

g i/2
v (e, 7))
1
\ L. — 5 (3-58)
2 _l - (.L"T)
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for the time constant. (From this relationship and assuming that small signal changes (about 10%)
can be recorded, a chapping frequency of about 100 keps permits a determination of time constant to

about 1 usec. :

3.3.3. MULTIPLE TIME CONSTANTS. When the speed of response does not depend :)n frequency

in a manner described by Equation 3-66, there does not appear to be any clear definition of the time
constant. This sityation prevails particularly w_hen multiple electronic transitions of a carrier are
involved so that two or more time constants exist. The decay may follow two or more successive
exponential processes, or possibly combinatic;ns of power and exponential laws. The frequency-

response characteristic curves wiil then show two or more peaks (or plateaus}, while the decay fol-

hus been defined in different ways. Generally, the definition is that 7 = 1/25f, where { 18 the fre-
quéncy at which the responsivity is 0.737. times the ze;o-freq'heucy responsivity, or at which the
high- and low-rirequency asymptotes mtérsect, or at wt;lich the slope of the responsivity ve; {requency
curve is -8 db per octave, or sometimes at which the phase ag is 45° (Reference 3-37). All of these
definitions are equal when the photosignal decay follows a simple exponential decay law or the pro-
cess is described in terms of the frequency response by an é{;uation in the form of Equation 3-66.
The time constant can be estimated by noting the time required for the detector response to decay
67% or 90% ‘rom its ma.imura value (it i8 understood that the pulse of radiation is sufficient for the

phot signal to reach its maximum value).

A frequency-dependent measurement will follow an expression of the form

I_{l sin (wrl - ¢1) i{z sin (.m'2 - 032)

‘71 ,*(“1"1)2“\1/2 [1 *(*‘27272}]/2

1

A general solution permitting an @valuation of the two time constants is possible, but is a complicated
matter. According to Levinstein (Reference 3-38), a completely general snlutinn requires solving

for four unknowns: Kl‘ KZ' r,‘»l. and (_‘-.2. it 1s necessary 1o measure response at four diiferent ire-

1
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quencies to obtain spificient informaiion fcr a soluiion. If the frequencies are chosen properly, then

the two time constants are given by an equation of thy form

i a? o oos e am? + s com -t et - ant L
- T ;ﬁ\Cu = - E\\.u Al 21 T X AV T iU WS~ J.;J r
LS 2{bh - {d) -

where a, b, d, e, {, and h are obtained from lengthy frequency-dependent measurements. The ex-
pression is compiicated but does oiffer recourse when exact analysis from frequency-response d2sa

becomes necessary.

The selection of a universal time constant for this complicated case is necessary but is not if#fely
to be made in the near future. Therefore, the rei,’i__der is advised to understand the different definitions

noted above.

3.4. SPECTRAL RESPONSE _ )

. A discussion of the fundar.ental mechanisms responsible for phctodetect5r response is presented
in Section 3.1. However, a summary of the important aspects relating to sfie‘ctral response is pre-
sented here for continuity. Detailed discussions of the experimental procedt_xres and the caiculations

required to determine a detector's spectral response are iound i Appendix A.

The spectral response of a photodetector depends upon the photon encigy required to free a charge
carrier. I the photon energy is sufficiently large, additional charge carriers can be generated in

proportion to the photon flux.

A plot of responsivity versus wavelength may be drawn in two ways, depending upon the units
used inthe evaivation of responsivity. It may.be expressed as the amount of signal voltage obtained
per unit of incident photon flux at a given waveiength, ur as the amount of signal vollage ottained per *
unit of incident power at a given wavelength. The former is the equivalent of a plot made directly with
a monochromator capable of providing detector illuminaticn with 4 cunstant usit flux deusity of photons
at all wavelengths, while the latter is that for a constant unit of power exposure, Since a photodetec-
tor responds directly to the number of photons per second that are absorbed, an idealized detector
would provide a spectral respensivity plot like Figure 3-8. Usually, however, the radiation output
ol waunochronutors 1s measured by ¢ “LlaZg” delector such as a thermocouple. The thermocouple has
a constant responsivity as & function of wavelength {at least“m the waveiengths ot interest nere), a,:t".a
is a device which responds to the radiation power. Thus jhe photodetector iresponsivity is usually.

. A

. L " “
measured 1i terms of power rather than photon {lux density, and the resultant ideal plot is shown in"
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Fizuie 3-9. The difference in the shépes of the curves in Figures 3-8 and 3-9, is readily explained

oil exdmining the expression for a photon's energy v
fad k4 o

hp = he X ~{3-70)
The photons of shorter wavelengths have higher energies.. Thereiore, fewer photons per second are
required to rnaintain a constant unit of power with decreasing wavelength. Since a photodetector sig-

nal is proportional to the photon flux, the detector signal falls off with decreasing wavelength,

The sharp dropoff poin. at the position indicated as Am determines the minimum energy a photon

must have to free a charge carrier. If the energy is in electron volts and the wavelength in microns,

then the relationship between them is
1.24

m ~ Energy (ev) @3-

Impurity-type photoconductors sucli-as gold-doped germanium are desighed to extend the spectral
response of the material to longer waveiengths than possible with the pure material. The impurities
introduge new energy ievels in the forbidden gap region of the intrinsic material, and therefore permit
lower energy carrier transitions corresponding to longer. wavelength response. An idealized spectral
response c-t'x-x.-ve for the impurity photodete'ctor” is shown in Figure 3-10. The short wavelength re-
sponse up to Alm is Assoclated with intrinsic absorption and carrier transitions across the complete
energy gap; Azm refers to the extrinsic wavelength cutoff point. The long wavelength response be-

ween x5 --'and-klm ig attributed to the carrier transitions involving the "impurity levels'; A refers

2m 2m
.0 the wavelength at which impurity photoresponse ceases. The difference in the respcnse magnitudes
of these two spectral regions corresponds to the high absorption of the lattice for photons in the in-

trinsic region, as compared to the weak absorption by low density impurities:in the extrinsic region,

" In order to improve the magnitude o the latter region, it is customary to house the detectoi in a small

1itegrating chamber with a hole to admit the signal radiation. This causes the photons to make multi-
ple’ passes through the-detector, improving the probability of their absorption.
N -

4 o, R R
v Y
1
A A : + A
: Py Y oo > ;
; o m i Aom
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FIGURE 3-8. INTRINSIC DETEC- FIGURE 3-9. INTRINSIC DETEC- FIGURE 3-10. IMPURITY DETEC-
TCR RESPONSE TO A CONSTANT TOR RESPONSE TO CONSTANT TOR RESPONSE TO A CONSTANT
DENSITY OF PHOTONS. AS A ENERGY EXPOSIRF, AS A FUNC- DENSITY OT PHOTANS, AS 4 FURC-
FUNCTION OF WAVELENGTH TION OF WAVELENGTH TION OF WAVELENGTH
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DETECTOR EVALUATION from THEOKETICAL CONSIDERATIONS
’ Sol Nudelman

The equations for signal voltage and noise §'ol£age derived in Chapter 3 indicate that detector
parameters such as size, time constant, and bandwidth of operation are important factors in eval-
uating a detector's gapability. Detéctdré aze made of many different materials, and differ in size

_and time constants. The engineer is thus faced with the problem of selecting the best one for his
purpose. On the basis of the analysis of Section 3.1, he has the basic ingredients for such a selec-
tion. However, an examination of the signal and noise equations would invo.ive him in a tedious and
nonprofitable task of juggling these equations to fit his immediate problem. What is neceded is a
simple number which provides a detector ''rating” indcpendent of the bothersome parameters, ;rom
which he can make a quick, proper detector selection. The pux:;pofze of this chapter is to describe
and discuss the substantial effort that has been put forth to provide this ';’ur':iiversal" numver for

rating detectors. . !

The treatment that follows begins with a gencsal diacussﬁ’ion of NEP, n“dse Equivalent Pow.r.
it then continyes with dztatled analyses of the photoconductive detectors in their various noise-
limited conditions. These serve as examples of treatments applicable to the quantum and thermal

classes of detectors. Detector classification schemes hased on NEP are presented thereafter.

4.1. NEP '(INOISE EQUIVALENT POWER) )

Consider an infrared detector exposed to some incident radiation, in a circuit which provides
an electric sighal voltage proportional to the radiant power. Aséume @lso that the dominant electric
noise in the circuit is generated by the detector (not the preamplifier). Let the radiant power P be
expressed as H- A, where H is the irradiance and A is the area of the detector. The absorption of
power P by th; detector results in a signal voltage, Vg, in the circuit. When the power scarce is
removed or masked, and the detector aliowed to see only the background, then a noise voltage, VN'
1s obtained. The predeminant mechanism causing this noise might be internal to the detector, such

governcd-G-R 1oise sources. In the case of the best de-
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tectors, this nmse might well be governed by the fluctuations in photon flux irradiating tne detectnr,
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that is, the background-roise-limited condition. A simple proportionality can be set up, relating
these voltage readings and the power P.

NEP/'VN=H-A/VS ‘ 7 (4-1)

Thus, if Johnson noise is responsible for VN’ then NEP represents the amount of power that wouid
have to fall onto the detector to generate an equivaient voltage Vi This relationship is more usually
observed in the form

NEP =H-A/Vy¢/Vo (4-2)

Clearly, NEP is also the power exposure required by the detector to obtain a signal-to-noise voltage
i .
ratio of unity.

A relatively simpie analysis can be attempted for the pux:pose of providing some insight into
the problem. Assume a simple detector in a circuit, from which is obtained a signal voltage, Vé,
and a noise voltage, VN' The noise voitage is assumed tc be due to a uniform distribution of noise
sources throughout the bulk of the detector, Consider two of ihese detectors connected electrically
in serles. The total stgm_;l voltage is simply VSI + vsz, _slncs the signals are coherent; and the B
noise voitages add as their mean squares, since they are incoherent. The noise voltage of each unit
is the rms value of the voltage fiuctuation, or VN = J;,_z' where V'{ v(t) -V, vit) is the instantanecus

value of the noise voltage, and V 18 the average value. The signal-to-noise ratic !ror"n the combined

units,VS,P/VN,r, is
, Vst
v

NT

Vae t V .
. Vs1' Vs , (43

v 2ev 2]
N1 T N2 |

If the two detectors are identical in area and thickness; Vs i VS'"’ and equiil noise i3 generated

from each of them, then

Vst Vg Vs1
VoA, e (4-9)
NT N1 N

Suppose these two detectors are now connected 2lectrically in parallel. Since currents can be
added in a straightforward manner when dealing with parallel circuits, consider the noise sources

as current generators. The total noise becomes (similar to the noise-voltage analysis)

2 " :
I S (4-5)
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and for identical detectors

N 2
Int = V2 Iy (4-6)
The signal current is now
Tam =1, + 1y =21 {4-7)

ST 's1 's2 S1

The signal-to-noise current ratio becomes

I fla plst C ue
IN'I‘ V2 IN1 INl

The noise current can be expressed as a ndise voltage by simply multiplying the total noise

current by the effective resistance of the circuit. Therefore

r-r]rz -2 forr, =r (4-9)
t Pyt r2 2 i 2
and . r P) r‘?'
2 _ 2 2_ °'N1l "1
VNT Tt Tr T CR
or
o —1
_ VN = \/Z'INlrl 7 (4-10)
The signal voltage is VST = VSl = Vsz, siuce the circuit is now equivalent to two identical batteries
placed in parallel.
Vst Isi' %y Vsi
LN S SN -l (4-11)
T A VN1
0 S i |

The analysis can readily be extended to three or more detector units. Ii is immediat';giy apparent

I
{rom the treatmeni with two units, however, that with either the series or parallel ar'rangement the
signal-to-noise ratio depends on the square root of the total detector area. This then indicates that

the NEP of a detector should also depend on the square root of the area by insertion in Equation 4-2.

4.1.1. ANALYSIS OF NEP FOR THE ?HOTOCON}P(JCTI"VE DETECTO

o)

. A detailed analysis of
the dependence of NEP on ares for the various noise-limited cases can be developed starting with the

definition of NEP, Equation 4-2.
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The nracadirs Solicwed (048 fubatilul® apprupriate expressions tor the signal and noise voltages

in this equation and to generate an equaticn which delineates the geometry, time constant, aad band-
width-denendence of NEP. The photoccuductive detector is the only photodetector type treated here,

since the procedure is straightforward and can be applied by the reader to any other types of de-
tectors.

The factor for the incident-power will be H+« A, where H is tha |r“‘d:!¢n:‘.ﬁ_ and the signal voltage
as given by Equation 3-8. Theréfore ’
. - VN
NEP = - / ) ) T (4-12)
(1, Pt/ W) [nSJST/nd 1+ () ]
= 1 v
where Id-c = W(rC rL)

4.L1.1. Johnson Noise. In Section 3.2.1, the Johngon noise voltage was given by
= J (72 = V4kTraAf

Inserting Equation 3-45 into Equation 4-12 provides

NEP = HA VAKTral —_— © (4-13)
{1 t/wdj« |0 J 7/ ndvi + {wi}) 1
d-c P J [fls s u J

where r = p¢/wd and ld_c = iwd. In the last term, 1 = current density = oE, where E = electric field

strength and o = 2neu (u = Bo=u ) Using Eauation 3-1i and3-18, Equat‘ n 4-13 can be simpliiied
by first rewntmg cin the form - PN

'i{
Dy 2ne? an o
g = = . — 4-14
e e Skt T (4-13)
Simpliiyiag so that all tactors cother than area, time constant, and bandwidth are lumped together
provides

NEP = Kl ’1 + {wv) ¥
T
where

KT L}sli

I

x
C..
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S

47




. e
1 R AT TR SRR T

w

o

v
"

ah

.l

Insiiiuig <f Science and Technology The University of Michigan

Thus the relationship between NEP, area, time constant, and bandwidth is clearly spelied out for the

Johnson-noise-limited case by

NEP ac vA-af/+ ' ; : - {4-15)-

Notice that the Johnson noise exists withoit curcent fiow; while the phatacanductive sigﬁal re-
quires a bias current. Even though a basic difference exists between processes responsible for sig-

nal and noise generation, a VA dependence results; this is compatible with the discussion of Section
4.1,

i
4.1.1.2. Current, 1/f Modulation, or Excess Noise. In section 3.2.2, this noise was described by

" the equation

VN = Id-cr VCal/ wdif

inserting Equation 3. 47 into Equation 4-12 provides

1, rYCaAl/wdli
NEP = HA d-c — (4-18)
ly.c 8/ wd) J[I;S.Js'r/ndw/l « (wnd ]
NEP = K, VARITT V1 + ((.t)z//‘r ' (4-17)
where
K, = (0 /CdnJ ) H ’ (¢-18)

In this instance, both the gignal and noise are associated with bias currents. However, even
though a complete understanding of the source of 1/f noise is not yet-awvailable, it is clear that, for

a wniform generation of noise throughoat the bulk and/or surface of the detector, the NEP wi‘g’t; de-

. . N ) -1/2
pend upon the square root of the detector area. In addition, NEP will vary asf ~ ~,
4.1.1.3. Generation-Recnmhinatinn Noise. In Section 3.2.3, C R noisc was described by Sgua-

tion 3-48 as
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The signal-to-mvise voltage rarios then become

V) 1, FaNgN AN,

= oo £ ) {4-19)
v = 2 Nam 2
N xd-cr N/ N \[ANN
from Equation 3-49.
%
Nan? =\'21'Af// fs @i

Consider here osly the background-noise-limited condition, where N-is the number of carriers aris-

ing from J_ photons per unit time impinging on the detector. Therefore

I : - w
! N = 2JjAnp7 (4-20)

where each photon absorbed creates two carriers (an electron and a hole). The change in the number

of carriers due t0 signal radiation is given by Equation 3-7.

AnsJ s'r
1+ (wr)

AN

S

therefore

af (4-21)

NEP & K, VAAf O (4-22)

x3-=( N 475 /1695) H

In this instance, as for current (1/f) noise, the signal and noise are associated with bias-current

[

Trees
Ow.

ere the dependence vi NEP on square root of area arises from the averaging process re-
quired in arriving at the vaiue for the mean square fluctuation in carriers generated at random by

the background photons. Notice that NEP in this case does not depend upon the time constant. Th
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is due tn the brel detector now being controlied by the same precesses for signal and noise.

c
Both the quantities Ai\'q and »hN,? are linearly dependent on 7. Their ratio is independent of 7 in the

sense that the detector will respond eguaily well in rime to background photons and signul photons.
%.1.1.4. Shui Nuise. In Section 3.2.4, the shot-ncise contribution to photoconductive-film noise
was given by Equation 3-54:
VN =r \/Eeld_cAﬁnrr
Substitute Eyuvation 3-54 into Equation 4-12; the NEP becomes

VBel . Af/n f
r VBel | _Af7n ¢

NEP = HA ‘/ 3 (4-23)
Id_cr nSJST/nd 1 + (w7)
Substitute as before in Equation 4-14 to get
Id-c = gEwd = 2neu*Ewd (4-24)

where u* is an average reduced mobility for carriers in the film, and from Equation 3-16; u* is
given by

2
L™ e
a* “ETF (4-25)
to obtain
NEp =K, 25 /1. (W) (4-26)
wilere

’ ndk T H

K. o= |e—m .
4 VeEanz nSJS(

(4-27)

-~ 4.1.1.5. Summary for Photoconductive Detectors. In all four noise-limited conditions examined

here, NEP is clearly dependent on the square root of the product of the bandwidth and the area of the
detector. The time constant and frequency dependencies of shot- and of Johnson-noise-limited de-
famriiyre Ama A~

—eianl
eeLery Arc il

A shouid be expecied since bolh noise specira are essentially flat. The
factor in the NEP expression denoting this 1dentical condition is

7
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The case of 1/f ioise provides a factor given by

M

1- @) 1

f T

while G-R noise leads to an expression independent of the frequency aad time constant. Finally the

G-R vackgreund-noise-limited NEP does not contain any faciors asseciated with a detector mechan-
ism of operation. This should be expected since a detector measuring background noise is limited

by that external noise, and thereby loses its identity. In cther words, any number of different de-

tectors operating with the same spectral characteristics could net be distinguished from one another
in terms oi NEP, if they were all limited by background noise. If ihe detectors are G-R phonon noise

limited, then JR in Equation 4-22 must be replaced by Jf' In that eveni charge carriers produced

by the detector lattice dominate as the noise source, and the noise can be identified by the temper-
ature depéndence.

4.1.2. PHOTOVOLTAIC AND PEM DETEbT‘ORS. As noted above, detailed analysis of NEP for
the photovoltaic and PEM detectors will not be carried out here. From the discussion of signal gen-
eration in Sections 3.1.2 znd 3.1.3, together with the treatment of noise in 3.3, it is easy to follow the

3y RGwever, some
of (hns work has already been carried out, aind will be summarized here.

Pruett and Psotritz (Reference 4-2) derive the signal-to-nocise ratio, and NEP for the back-biased

photovoltaic detector. This detector is limited by shot noise (Reference 4-3), and the NEP is gﬁ;éh
by

NEP = HA V& VN /eiAlg (4-28)
wiere the noire ts given by |
— F
Ny 7ot }
i
2e[ s (e,;rp v 1)} + TG, - [{—‘Es“zvz i 2 GS"V)Z Y k312 (4-29) |
Isc =5 \PP kT sh i |

The signal-to-noise raiio is maximized by operating V slightly negative, but almost zero. This per-
mits the elimination of the 1/f nouise term, and

I
[ o> S {exp (eV/ IKT) - 1] (4-30)

51

j



—my

e o e i AT = e

. noise condition. Detector rating is then cxpressed in terms of iis

Institute «of Sciesce and Technology The University of Michigan

all three types of photodetectors in an extensivé manner, examining par

rticularly the depeudence of

\'t

the NEP for the Johnson-ncise-limited case. Some of their conclusions are as follows:

The PEM mode is favored for a semicenductcr with high carrier mobility and
short lifetime (e.g., InSb), while the PC mode is favored for a semi-conductor
of long ilietime and low density of carriers. This is apparent from the factor
\/n 7 u _7 which appears explicitly in the DEM for ;,_;“. Comipasred with n./7 1n

the PC iormula. Reducing the crystal thickness below the diffusion length of the
carriers results in no advantage for the PEM mode, but a proportionate ad-
vantage can be gained in the PC mode, provided that the surface recombination
velocity is sufficiently low. The p-n junction is preferred for semiconductors
with low carrier density and low moebility; the depth of the junction below the
surface is not crifical so long as it is {#ss than the minority carrier diifusion

length.

For values of uB small compared to 1, it is clear from the earlier discussion of the PEM sig-~
nal that the observation of high carrier mobility favoring a PEM detector is appropriate. However,
some modification.appears necessary for increasing values of uB, since the dependence of the PEM
signal on mobility changes. Values suggested by Kruse for the InSb PEM detectors indicate detector

operation is in a region where the PEM signai depends upon u* for * less than 1.5 {Reference 4-5).
This causes NEP to depend inversely on u raised to 2 power less than 1.

In principle, it appears that tﬁe best detector obtainable should be the photovoltaic, G-R back- )
ground-noise-limited detector. This is 80 because the other two detectors in this noise-limited )
condition have a G- R noise that depends upon fluctuations induced by beth the generation and recom- -
bination processes. However, the photovoltaic detector doea not suffer from this sialistical fluctua-
tion on recombination, since the process here is essemlall) a minority carrier moving back to its
majority carrier status on crossing the barrier. Thus the background nolee fluctuation observed
for this detector is 1/VZ lgs,r\g},jhan for the photoconductive and PEM detectors.

4.2. DETECTOR CLASSIFICATION

Detector classification schemes generaily start with NEP and modiiy it in some way to obtain a

convenient comparison of . rmy detector with the best possible performance that the detector might
- offer. Optimum performance is usually judged with refereste

e to the limiting background-radiation-

spectral responge and/or its re-

" sponse to a blackbody at some reference temperature, compared to the best possible values obtain-

able. In this section, the dependence of NEP on A and T is discussed first, and the classifications

suggested by various coniributors to improve the rating method follows.

1
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4.2.1, DEPENDENCE OF NEP ON WAVELENGTH AND BACKGROUND TEMPERATURE. Con-

sider the expression for NEP in ithe backgrouad-limited case, given by Equation 4-22;

\.’fl— \'jj "
NEP = B J—‘i HYAAT
s Jg

Assume for simplicity that the quantuin efficiencies for background and signal are equal to unity.

T~
a acis

%\
NEP = 5 H v2Aat (4-31)
S

The irradiancé H can be expressed in terms of the number of photons per unit (area - time) multiplied
by appropriate pﬁmon energies and summed up. However, of particular interest here is the detector
which is illuminated by & monochromatic'_beam of photons. The wavelength of the beam is the same

as the cutof! wavelength of the detector. 'éxxppose then that J_ is restricted tu a wavelength i\c 80

S
that the signal photon flux may be specified Js then H is given by
- kc
H=J, 2 ' L@y
S, A, N
c ;
Therefore ) ) ) T
he —
NFE = -
...PA X \,'EJBAAI . (4-33)
[ ;
A plot of the nolse equivalent power z‘"r':'r‘/\ as a funciion of cutvif wavelengih can be obtained by
C

substituting different values of ,\c and carresponding photon flux densities '}B for the black back-

ground at temperature T. J_ i8 the flux of all photons with wavelengths between A =0 and A = xc. )

B
Gelinas and Cenoud (Reference 4-8) obtalned Talle 4-1 vy following this procedure for a 300°K back-

ground, a detector of unit area, and a 1-c¢ps bandwidth of uperation.

A standard of refesence in calibrating a detector is its detection ability in responding to 4 5009K
tlackbedy source against a room temperature background. Therefore, it would be useful to know the
minimum amount of 506°K radiant power necessary to cqual background fluctuations. This can be

deter mined by rewriting the expression for NEP in the form

HA

NEP = ——- ’Fi; {4-34)
J A

S JB

-

>
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FABLE +-1. MINIMUM DETECTABLE POWER FGR IDEAL QUANTUM DETECTOR*

2 z:

c B : PB min,
Cutoff Waveiength Photons/ Sec e
() on 1-Cm2 Area (watts)
1.0 6.6 5 x10° 19t
2.0 a2 x 101 2.0x 104
3.0 58x 1000 5.0 x 10713
4.0 T 10x 10 2.2 x 10712
5.0 13x 108 4.5 x 10712
3.0 4.9 x 1016 7.3 x 10712
8.0 2.2 x 1017 L2x 10”1
10.0. 5.0 x 1°%7 taxw il
»$ 4.15 x 1018 3.9x 1071

* Area = cmZ: background = 300°K, solid angle = 2. )
T The expressien for PB mh;\ breaks down for very small values of NB. This

number 1s included only to show the rapid variation of PB in between 1and 2 4,

§ Ideal thermal detector.
i

for unit bandwidth and efficiency. Therefore

NEP = vZA H -/JB/JSk

"However ',
: A
C
Jg =j., Iy Ty
v
A
rC
Ig=) 5, (5009 (4-25)
0
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for detectors whose cutulf wavelength is xc' Therefore

X
Jj’c
J, (To)dr
o ATTB
A
[

(

J Jx (5009) da
0

NEP = vZA-H- (4-36)

where J\ (T} is the background photon density as a function of body temperature. Figure 4-1 shows

the dependence of NEP for a 500°K source, for background temperatures ranging from 200%K to 505°K, ‘

— \

[ _
s IDEAL THERMAL
—~ 10710 DETECTOR

P g {
. -

S~

n

= I 300°K -}
m [ - o ——
§ - 250°K i
o —
R e 200°K_—
2 -/ >

L/
4 "BACKGROUND
a /
o i /
z /
10” i2 . " L . "

1 2 34 5 6 7 8 81011
CUTOFF WAVELENGTH (microns)

FIGIIRE 4-1, NED A5 A FUNCTION OF WAVE-
LENGTH FOR DIFFERENT BACKGROUND TEM-
PERATURES
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;“—j', and for detectosrs of different cutoff wavelengihs AC; This figure is taken from-a report by Gelinag and
5 Genoud (Referenre 4-8), who 2lsc note the following '
=
= For a 300°K background there is a wide rangs of A ¢ for which Ppminsgoo remains
;; almost constant. In other words, for an ideal quantum detector looking at a 500V
*‘é blackbody against a 3(00K background, it makes essentially no difference what
B cut-off wavelength is chosen {(beyond 1 u}: the increased response to background
- by raising A~ is almpst exactly rompengated by the increased signal. ot black-
= body radiation it can be shown in general that Pgn, is insensitive to A¢ for
E a target temperature approximately twice the background temperature.
¥ For background temperature less than 300YK (and a 500°K source) it is advan-
tageous to use as short a cut-off wavelengih as pospible, while the opposite con-
i clusion holds for background temperatures higher than 300°K.
4.2.2. JONES SYSTEM OF CLASSIFICATION. Joaes has cantributed a substantigl effort to the
| understanding and categorizing of infrared detectors (References 4-7 arnd 4-8). He suggested that
‘.

the reciprocai of NEP, denoted as "detectivity, D" was o more suitable quantity for rating detecicra,
The advantage of D is a psychological one, in that larger detectivities, rather than smal.er NEP's,
represent better detectors. Jones considers "detectivity' particularly desirable because it aléo
avoids usage of the word "'sensitivity,” which has a variety of meé.nings in technical language.

z Jones observed that data taken from thermal and photodetectors; could be distinguished or class-
ified by the way in which their detectivity'is related to time constant and frequency response. He
noted that their behavior in one case is*lik-la the detectivity obtained for an ideal thermal detector,
while in another case it behaves like an es!iimated best-obtainable thermal detector. Accordingly,
two classes of detectors were set up, the first based on the detectivity obtained for the ideal detector
(capabie of sszing background thermai or ;;hoton noise), while the second was based on the best ob-
tainable heat detector from Havens' limit. -

In establishing this system of classiﬁq;iuon, a reference condition of detector measurement is

-r
[}

designated. It defines a referencerpr detect:ve time cunstant and a handwidih according

\ '
.
. I;;’l(fm;]%[;’ [})l(fm)'ga: (4-37)
L R .

a =) oo e (4-38)
3
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fm = l/21rrp » (4-46)
Therefore
af = 4/’2"Tp = 1/2n7 ( -47)
From this it follows that
2k vr AT i
Class Th n_f) - [ A— (4-48)
;0
ANL -« ()
2k2 VEfer '
Class IIb ’D](x) = t_ﬁ; . 2_ {4-49)
VANL - 18 A
57
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|
and
Af = 1747 (4-39)

where Dl(fm) is the detectivity in a umt bandwidth for a medulation frequency that maximizes the -

detectivity. The motivation bghind these ref

erence ¢onditions is to provide a measurement of the
“deteclivily for the rmportant special case where the bandwidth of the noise i3 the same as tae band-

width of the detector. The ciassifications then become

Class ] D=k, VTAA (4-40)

Class II D=k, VA (4-41)

Letectors limited by a flat spectrum such as Johnson noise, have a detectivity in a unit band-
width classified as

Class Ia D, =k /2VA i+ @2
ClassIla  D,{0) =k, vT/2VA ‘Jl + (m—)g

L]

(4-42)
(4-43)

In the case of the 1/f-noise-limited detector, Jones then finds it nacessary to redefine the ref-
erence time constant and bandwidth 23

Al =4fm (4-44)
r=is (4-45)
4p
where 7_ is the detectox time constant. The detectivity for a unit bandwidth has 4 maximum at the

v
frequency fm defined by

T
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" in Section 4.1.1, analytical expressions were derived for NFP in the various niise-liiited con-
ditions. They can now he compared with Tanes’ system Ciassification. In the apalysis that follows,
various constants.{xl, K:E’ Kili’ K4) appear; «lso, ki is equal to 1y Xl’ etc.. Th"sese constaats aré not
set equal to Jones constanis K, and K,, since the purpus€ nete is to show onl)}" how the NEP relation-

ships from Section 4.1.1 led to Jones' system cf classification.

A problem arises for the G-R nvise-limited case. Equation 4-22 shows that the NEP forf this
noise is independent of frequency. Therefore, the detective bandwidth by Equation 4-38 musi be in-
finite, and the detecti\.{f: time constant must equal zero. To avoid this dilemma and because the pur-
pose here is only to dejrive expressions for detectivities from NEP‘»s in forms suitable for compari-

son with the expressions of Jones, the responsive time constant and bandwidth are used. Thes: are
defined as

& /
‘ b et 12 ‘4.
\A!)Y - _‘0 [r(f) [”max] df (4-50)
'ry = 1/4(Af)y (4-51)

whei;fe v is the relative response.

4.2.2.1. Johnson-Muise-Limited Detectivity. The detectivity fo.- this noise limitation is derived
from ;Equation 4-15 '

1 D= NEP = ‘l(—' ‘/_—_' ¢ / 2
" Nk 1 VAL o ()
in a unit bandwidth; therefore
D, =k ”/'{ﬂ 1+ )5> ' (4-53)
1=k VT NAN T+ (o -

L

which is the form of a clasé' fla detector and so defined by Junes. If the bandwidth Af = 1/47, the

detectivity becomes at zero frequency

D =k1' TINVA {4-54)

which 1s the form of the ciass 1l detector.
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4,2.2.2. Excess- or "ll'f"-Noise-Limfted Detectivity. This detectivity is derived from Equation
2-15

.
11 T -
D=%Ep "R, =™ —3 Vi.af (4-55)
< \i}-"\u-”p!
for a unit bandwidth,

T p——
S SUN R A4 (4-56)

17K, [, 3 VA

21w

The censtant Tp is the detector response time constant. Jones defines a reference time constant .

7= Tp/4. Using this time constant, it follows that "

S

D, =k, 'l 2._1 (4-57)
\/1+16(w‘r) vA ' .

wiiich is the form of the class b detecior.

4.2.2.3. Generation- Recombination-Noise-Limited Detectivity. In this case, both signal and

noise depend on the frequency in the same manner. Thus the expression for NEP was found to be
independent of the factor v1 + 16(w1’)z . The detectivity is derived from Equation 4-22

1 1 .
PR, AmE . (4-58)

The detectivity in the reference bandwidth takes the form

D=k, ¥i/A i (4-59)
which is a class I detector.

4.2.2.4. Shot-Noise- Limitzd Deteciivity. This detecuivily is derived from Eguation 4-26

LA (4-60)

»hot noise has a flat irequency spectrum, and provides a detectivity in a unit bandwidth similar to

Johnson noise:

(4-61)
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bt
and in the responsrye bardwidth

po 4 7 {4-32)
Ao (4,‘7)2 VA

D-k, . -63

4 vA (4-63)

for zero irequency, which is the form of a class II detecior.

4.2.2.5. Figures of Merit. By taking the ratio of the detectivity of class I detectors with that of
the perfect thermal detectcr (limited by photon noise), Jones derive_s a figure of merit called Ml’

expressed as

M, = 2.76 X 101 x Dvass (4-64)

A figure of merit for the class TI detector was derived using Havens' limit as the reference de-
tector. Havens arrived at his estimate by treating thermal detectors as heat engines, considering
their operation from a theoretical analysis of the efficiency of such engines, and axjriving at an ulti-
mate limit of perfs+mance capability by including considerations of lehitiné néise, ;available ma-

terials, and techniques. On this basis. the class II figure of merit becomes
| )

M, =3 x 10" x pvasr (4-65)

<

4.2.2.6. D-Star {D*). The expressions for detectivity for the diffcrent Umiting noise types
always contain the factor 1/vVA.Af. Therefore, *hey are a function of detector size and the electrical
B I
vandwidth of operation. A more useful number is one that establishes the performance of thie de-

tector indeperdent of these quantities. Jones suggested that the quantity D*, defined 28
D* = VAA,NEP = DVA- Al {4-66)

serves to characterize the detector in terms of the intrinsic properties of the material of which it is
made (Reference 4-9).

-

The wavelengih dependence oi O* for the background-limited condition can be obtained by insert-

ing the expression for NEP from Equation 4-33 in Equation 4-86;

DX =AC; hc-.2JB
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A sanmpie calculanon for the evaluation ~f D* at 6 _for 2 €

- e-cuteft detecior fuiluws (Reference

4-'10).
’ ¢ . m
1 dx
Jp=4mc] | o uin 4 cos ¢ d8
BT VU0 28 exp (bes AkT)-1 ¢
)l
dx
= 21rc sm j —1—
0 A4 exp (he/XKT - 1)
vhere J

B is expressed in photons per square.centimeter per second, ¢ = 9/2 is one-half the angular
field of view, 9, and Am is the long-wavelength threshold of the detector. The quantity after the

integral sign may be determined from a radiation slide rule or the Lowan and Blanch tables (Refer-

ence 4-11). For ¢ = m/2 (2= steradian field of view) and AL S 6u, J
20

B =4.8 x 1016 qua.ma/-;mz/sgc,
a/ne =10%0/3.9 joules'l. Thus, D, * at 6 u 18 '

20 )
10 _ 10 . 172
. 173 * 7 x 107" cm/watt » sec

. 2 x 3.3 x (4.9 x 1016

T s
X

s

Figure 5-1 shows the variation of DA‘ at the spectral peak as a function of the long-wavelength thresh-
vid for ideal photoconductive and photovoltaic detectors.

DA‘ can be improved by reducing the magnitude of J

From Equation 3-58 it is clear that tins
reduction can be accon{plished by decieasing the temperature of the background radiation sources.

This can be done by cooling the walls of the cell surrounding the detector, using a cooled filter to re-

duce the background radiation {rom

i 4 Spectral region nut present in the signal, and using the detector
against a cooler hackgrbund outside the cell. Figure 4-2 shows the variation of D/\ * at spectral peak
as a function of background temperatures for three different values of detector cutoff. A fufther de-

crease in JB an be achieved by reducing the angular field of view observed by the detector, as shown

i Figure 4-3. Thus it appears well warth while to restrict the field of view of a detector tou that value
required for a particular application.
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FIGURE 4-2. PEAK D* VS. BACKCROUND TEMPERATURE FIGURE 4-3. D*AS A FUNCTION OF ANGULAR

FOR THREE GETECTORS IN THE BACKGROUND-LIMITED FIFLD OF VIEW
CONDITION . o R R

4.2.2.7.. D-Double Star (D**). It is shown in Section 4.2.2.6 that D* for the background-limited

case is dependent on the angular field of view observed by the detector. Jones suggested that a quantity

independent of this factor would be (Reference 4-12)

D** = (@/mY/2 pragatm2.p (4-67)
where Qis an effective \}veighted solid angle. referred to a solid angle of = Steradians, which the de-
tector element sees through the aperture in a cell's radiution shield, If the detector has circular

symmetry, and the solid angfé can be represented as a cone with the half angle 8 ., then

0’
R= 5'11:2 G (4-68)

0

The eltect ot tins concept 1s shown 1n Figure 4-4, where D** is shown to be substantially independent

of the yle.
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4.2.2.8. Discussion. The analysis carried out in Sections 4.2.2.1 through 4.2.2.5 indicates the
following: '

(1) Class I detectors are limited by background and G-R noise.

(2) Class II detectors are limited by all other sources of noise.

(3) A class II detector can hbecome a rlasa T detector if its performance is improved to the point
that background or G-R noise predominates over any other noise source. This can be déue by cooling
a detector. It appears that waen a detector Lecomes background limited, it loses its .dentity. Its
NEP as shown by Equation 4-22 is governed by the rms fluctuation in background photons striking the

detector. Thus the performance of the detectors is con}pieteiy described by the condition of the back-

5, all having the sasue gpeciral response characteristics,

were background limited, they could not be identified individually on the basis of NEP, D, D*, ora

ground. If a numher nf difforent dote

class 1 designation. This wouid be so even though they might be made of different materials and/or

have different time constants,
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(4) The signiticance of the figures vl merit M_ and M, is not clear, particularly in reference

1
1o Havens' lmaite Sluce a deieciur wan go from ciass i1 to ciass i, the reference might well be {0 the
tacky round-timitea candition in both cases.

(3} The units of D* have received considerabie attention and at one time were a matter of con-
troversy. Jones' original definition of D* appeared in the form

A Af 1
D= = \II.—z'f&)‘s'N—Ep
icm

Thus 1t appeared that the definition normalized D* to a unit area and bandwidth, and that the unit of

D* was reciprocal watts. Th.3 unit seemed appropriate since D* was an inirinsic measure of a ma-

terial’s ability to detect radiation power. However, considerable oppasition arose to the normalization

il
procedure adopted by Jones, and the units uliimately ac¢epted were those that appear in a straight-

1/2 1
)/

forward examination of dimensions, namely, cm* (cps .watt ", These units might appear some"- '

what peculizr in that D* is supnosed to provide a measure of the intrinsic ability of a detector ma-

Petazial

terial to respond to radiation power, and vet contains the dimensions of size and frequency. Never-

theless, D* appears to do ite job on the basis of data available to date. An explanation of this seeming

contradiction appears to come from an exainination of the equations derived earlier for NEP in the

various neise-limiting cases.

Corisider the G-R case where

yaIn
_ BR'B J——
NEP-—IEJQ—-H VA . Af

The factor v A - Af cancels in the computation; of D*, so that the remaining factors provide the units.

‘The quantities nB and g are efficiency factors. Therefore, the dimensional analysis is simpliiied

to K
-

J # Photons_ cm” - sec 2

D‘e"',:g.H: ,__sj__‘fﬂ

"JB J PhotonsB; cm®.sec Walt

cm 1 _cmveps

Jsec watts  watls
since the numbers of photuns are dimensionless, and the reciprocal of time 1s equivalent here to a

. . i2
frequency. The derived units ¢f D* becomes cm-{cps) -watts, consistent with accepted usage.

An interpretation of the meaning of the units of D* can now readily be put torth. In the measure-

ment of NEP, radiation power {rom a blackbedy illumnnates a detector to generate a signal veltave
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\,'Q. A roise voltage V__ is obtained when the detector views an ambient biack background. V.. may

S N : N
resuli {rom vackground fluctuations or noise sources internal to the detector. In the background-

lianied case, 1L i shown above that D* is dependent only on JS’ Jo, and H, while being explicitly-

B’
independent of area and bandwidth. These are aii iacicrs in the measurement procedure, and the
units of D* can be attributed to ‘!S’ JB' and H. Since thesc quantiiies represent ::the numboers o«
photons and watts per unit area, it is clear that the measurement is inherently nofmallzed. Thus if
olie wishes to paricrm 2 507165 Of wucasurements 1n which the bandwidth and, or ine area are vari-
aisles. the xperiment would be carxied on with constant J B’ and H. The evaluation of D* in this
situation is truly independent of detector area. It appears, therefore, that Jones intuition and ex-

perience leading to his judgment of the significance of D* were correct.

it is fruitful to examine the units «f D* in the Johnson- and shot-noise~limited cases. The ap-
propriate expressions can be obtained by inserting Equations 4-14 and 4-26 into Equation 4-63. They
are for D* limited by Johnson noise:

ngigeEL ~ ———

" Vand kTH ’&/ ,

RN

and for D* hmited by shot noise

In the Johnson noise case, the quantities eEL and kT represent electric and thermal energles, and

have the same bagic units., Let us separaie out ihese factors in the dimensional analysis.

treating the case where o' 7 << 1, and omitting all numerical factors. Substiiuting units provides

D* = Enerey iec _L 2 Photons/ Area - Time e
Enery vtherm 1 watts/Area
2
cm
Enc?:rgympp em 1
T Energy,  watts . Time
M58 therm att
e cme SES
watts
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In the case of shot noise, the quantity n - L. is unitless, eEL is an electric =nergy, and D* can be

expressed dimensionally as

c “ P ‘Area- Time rm——
elec . Photons/Area & /Time

H
* =\!' ____. I .Ccm
b Enopou ¢ = watts/ Ares

L8/ AYE

for the case of w: ~< 1. On simplifying

cm 1
m Watts VTime

D=

wat’3

It is clear that units are consistently maintained fo

Sobamendin faatsimn af fhis acemalomdlon io dbha
interesting fealure of this examination i tha

-

Sy
e

appears as a factor for the Juknson noise-limited case, and that the square root of this quantity
appears in the shot noise case. This is conaistent with different mechanisms responsivie for ihe

two cases. In both cases, an increasing bias voltage and a decreasing temperature should result in
increasing D*. The density of carriers n is also dependent on T, and decreases with reduced temp- »
erature. However, reduced T can also affect the magnitude of the energy gap, changing the cutoff
wavelength, and also affects the time constant 7. These apparently are the facturs that are adjust-
ahle. In particular, when -'seeking the optimum bias for a photcconductive detector. it may well be

+ matter of raising the bias until an increased temperaiure from .Toule heating results. Further
blasing could cause adverse lcm.;l)er:?.iure effects, and therefure a reduced D*.

6) Ina recent statisticzl analysis of the NEP's reported on lead-compound film detectors,
Limperis (Referlcnce 4-13) reﬁorted that these excess-noise-iimited detectors follow an Al/z de-
pendence. confirming the treatment of Section 4.1.1.2. intil recently, data did not clearly indicate
4 consistent ceomtry dependence for NEP. There were two factors which prevented obtaining con-
sistent data:

w)  Limiting detector neise sources were not uniformly distributed through the detector.

]

T
1 aa

17ed rearms on the crystal’s surface and within the bulk. Detectbr technology has now reached the

stage where aniform sources 0l noisc from the crystal’s surtace and bulk are becoming the dominant
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{t) The pholtorespunse was generally nonuniform across a detector surface. The film de-
tec.ors were parficularly difficult to deal with in this regard, as shown in Figure A-16. Therefore,
' an effective deiector area has to be defined, which Jones suggesied as
r‘
1f v{x, y)axdy
14

v
A =_4
e

‘ym;ng

where y (x, v) is the local responsivity of a detector at position x, y on the surface, ¥ max is'the

maxiraum value of ¥ (X, y) obtained on scanning a small light spot over the surface.

it appears that detector technology has improved to the point where uniformity of noise generation
aind respoise is sufficiently advanced to provide reliable data for analysis.

4.2.3. PETRITZ SYSTEM OF CLASSIFICATION

~adBas o rer Yy

; and Efficiency. Efioris to estabiish the performance capability

cd thai iv properly select ur evaluate a detector, additional information is required. Jn particular,

it is impertant to know not only an rms g ariity such ag NEF, but.in addition the rate at which the

detector is able to collect and provide information, and how ef xc{ently it is able Lo convert absorhed

signal photons to "'bits” cf information. Petritz applied information theory to establish a complete
system that would describe a detector, and provide a systematic approach to the selection of an
optimum detector for a given applicati.a. The treatment is somewhat detailed, and can only be
summarized here. The interested reader is referred m' two publications which apply (References
4-14 and 4-15), and from which the following material is drawn.

The basic equation of informatiorthecry states that the maxtmum attainable information capacity

or rate, C. of a channel of infinitecimal bandwidth, df, is given by {Refecences 4-16 and 4-17)

o [P 2] o
C(df) = df log2 ll : \VS/VN) bits/sec (4-69)
while the capacity for a finite bandwidth Af = f2 - fl is

f,
&

c(af) =j' log, [1 vV )Z]df (4-70)
e 2t § N
1
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hie unit of Uduranition, 1 pit, ie the information gained in a measurement where there are twc
equalty provavle resulis. Thos 1 tit of information is obtained when 3 narticnlar value is measured.
For the case where the signal 1C notse ratio is independent of {requency {as {or C- R noisel, the in-

formation capacity is given by

clai) =t iog, [t vy vy ] (4-71)

The dependence of C(af) on VS/ v N i= shown in Figure 4-5. Notice that when the signal-to-noise o

ratio is unity,
(4-72)

or the number of bits of information per second is equal te the bandwidth. For the case
=1/7

of the time constant is also the information capacity. The information efficiency is e

the reciprocal
defined as
C (bits/ssc) _C ., .
m:h%——l bits/joule (4-79)

Clan/s = logy (- (vs Vo]

10?‘
g
1.0—
ro i
T ' ; 0 N
,// 2
p 1 VS,
o1~ wan '8l 1+ ws/vm ] ]
. DlaBai” VE/VE
-/ - : ; i
O_OIf U ST S ;»J‘..,._‘JLAAL,_AJLU.J_J
0. 01 0.1 1.0 10 100 1000
2
(VS/VN)

FIGURE 4-3. INFORMATION CAPACITY AND
INFORMATION EFFICIENCY AS FUNCTIONS
OF SIGNAL-TO-NOISE RATIO




™
-

dericamh -

il

V4o

4

1%

institute of Suience ond Technology : YThe Unive rs.ify of Michigan

Or 2Xpiesstd iu tewlis uf guanta

c !
¥ = ST bits/ quantum
where P ie the power flow to the detector.

The dependence of ¥ on the signal-to-noise ratio for the nhrrewband condition i5 obtained from
Equaticn 4-8Y, and the definition of NEP:

) iog2 [l + (VS/VN)Z]-M

(Vs/ VN) NEP

. 2
‘p:,lvsz [ + ‘VS/VN) ]D'Af
AL “
|

where D is independent of the signal-to-noise ratio. Figure 4-5 shows a plot of ¥/Daf vnlL-"-

VS/V . A maximum appears at & ratio of signal to noise of unity, indicating that the detedtor is
achieving an optimum number of bits of informaticn per incident photon. This simple tred%tment
provides a meaning for information capacity and efficiency. Petritz then goes on to systematlcally
examine these quantities and signal, noige, NEP, and datectivity for the Johnson-, excess-, and
G-R-notse-limiting cases, as well as for the general bandwidth case.

The result of this analysis provides a series of normalized expressions and curves suitable for
evalua'ing NEP, C N and w {subscript N refers to case where VS/V =1), when experimental data
for the detector's noise spectrum, signal spectrum, and responsivity are prov1d9u. in addition it

was found that a detector generally achieves an optimum information efficiency in or near the ref-

-srence condition Af = 1/47 (where 7 is the ruv3ponsive time constant rather than the reference time

constant of Jones); that it is generally costly in NEP, CN. and wN to use Af >> 1/47; and finally that

NEP is improved at the expense of CN and d/N when Af << 1/4T,

In copclusion, information efficiency was shown tc be a measure of the performance of a de-
tector in ;!hat it expresses how efficiently a cell converts radiatlon energy into bits of information.
Furthermore, it expresses how NEP and information rates are exchingeable. It can ke used to com-
pare cells under the condition of equai infcrmation rates, under the condition of maximum information
efficiencies, and in fact under any arbitrary condi ttﬁn’s. Petritz reconimends therefore that infor-

c
mation efficiency be considered as a figure of merit for radiation detectors,

o
e
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4.2.3.2, Frequency Compensation. From the remarks made above in Section 4.2.3.1 regarding

the relationsnip petween A1 and 7, 1t 1§ Clear that an exact relationship between Af and 7 is not sacred.
If one needed improved NEP, and {f information efficiency or capacity wers not impcrtam facters, 2
reduced bandwidth of operation could be used at the expense of increased measuring time to obtain a
desired result. Ultimate perfc:;mance along these lines would be obtained using a synchronous de-

[N —_ * w1

- Aa_ sV . saav .
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ceoter techalgus, wherc &
has been said up to this point, however, about the possibility of using a bandwidth greater than that
suggestad by 1/4r, It is clear from the subsections of Section 4.1, that the responsivity in our gen-

“ - /2
‘} 1/2 ;1d that the notse may fall off in the same manner

eral, simple case decreases as {1 + (wT)
(G-R) or 1/i (excess), or be essentially flat (Johnson). It will be worth while to determine whether
there is Anything to be gained by an extended bandwidth operation for these umitlngrcues, where the
signal-to-noise ratio is greater than unity. We shall consider here 2 G-R nolse-limited condition,
referring the reader to Petritz for a detailed treatment of ail cases (Reference 4-14). In this par-
ticular case any frequency compensation techniques must boost the detector's signal and noise to the
sume extent. Therefore, any compensation that applies effectively must relate to the flat Johnson
and shet nolses of the preamplifier system as an effiective limiting condition. In the analysis that
follows, the responsivity will have the frequency spectrum assoclated with a simple exponentlai type

photodecay, and the limiting noise will be treated as flat and assoc uted with the preamplifier.

Consider Figure 4-8, where we are interested first in responsivity curves B and D. These two

different responsivities are related to detector time constauds 7 and 7, by

3

__5s

L. _is's
A

3

‘vhere ";s is a constant relating signal volts to watts independent of fraquency and time constant. Fi-

nally there ig aleo a fl2

I3

b
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Let us sec if it is possible tc apply frequency compensation to detector 3, so that its perforimance
at cxtended frequency can be made comparable or better than detector 1. Consider a compensation
system that has a frequency response
7|ve
1 +(w 1’3)

Ve = | ——
(. (“”1)2
- - .

The compensated resgonse of detector 3 is

which extends the frequency response curve out to fT’I as shown by E. The flat noise F spectrum

also modified by compensation to

si/2

1+ ((..."1'3)2
Vne TN 2
-1 Y((«)11) {
4

as described by curve G. The new detectivity of detector 3 is
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fast unccmpensated detector. This results basicaliy from the dependence of responsivity on lifetime.
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which 18 the same as for the uncompensated detector. Compariang this with detector 1,

P
vsc/ Vi Ya Tgul-lery)

= — - >

a1+ ey)

WV 71 Th

for all frequencies. Thus the compensated slow detector has at ieast as good a responsivity as the L

Thus in this G-R case compensation is profitable,

4.3. REFERENCES
4-1 R. L. Petritz, Proc. IRE, 1958, Vol. 47, p. 1465,
4-2 G. R. Pruett and R. L. Petritz, Proc. IRE, 1958, Vol. 47, p. 1524,
4-3  A. van der Ziel, Proc. IRE, 1958, Vol. 46, p. 1019,

4-4 C. Hilsum and O. Simpson, Proc. Inst. Elec. Engrs. (Londonj, {859, le 106, pt. B,
Supp. 1, No. 15, p. 398.

4-° P. W. Kruse, J. Appl. Phys., Vol. 30, p. 770.

4.6 R.W. Gelinas and R. H. Genoud, Rapm-t of the RAND Corporation, Santa Monica. Califoraia,
- p. 1687, 1859, p. 8.

4-7 R. C. Jones, J. Opt. Soc. Am. 1949, Vol. 39, p. 344,
4-8 R. C. Jones, Proc. IRE, 1958, Vol. 47, p. 1485.
4-8 R. C. Jones, Proc. IRIS, June 1857, Vol 2, p. 8.

4-10 P. Bratt, W. Engeler, H. Levenstein, A. MacRae, and J. Pehek, Germanium ax‘fd Indium
Antimonide Infrared Detectors, Syracuse University, under WADD contract Nr. AF 33{8i6}-
3859, Februa.ry 1960.

4-11 A. N. Lowan and G. Blanch, J. Opt. Soc. Am. 1840, Vol. 30,.p. 70.
4-12 R. C. Jones, Proc. IRIS, 1860, Vol. 5, No. 4, p. 35.

4-13 T. Limperis and V. Wolfe, Proc. 'F"q 1960, Vol. 5, No. 4, p. 141; also presented to Opti-
cal Society ot America, barch 2-5 1961.

4-14 R. L. Petritz, Proc. IRIS, 1957, Vol. 2, No. 1, p. 18.
4-15 R. L. Petritz, Photoconductivity Conference, Wiley, New York, 1956, p. 49.

4-16 D. A.-Bell, Information Theory, Pitman, London, 2nd ed., 1956.

4-17 Leon Brillouin, Science and Iniormation Theory, Academic, New york, 1¥36.

72




£

N S T i 15 01

1 R SR S W N I

[
=
-

l%y Al

[

1.

CGNFIDENTIAL

Instituts of Science and Technology The University of Michigan

5 .
DETALED DESCRIPTION of DETECTORS
Conﬁdmtidll

5.1, (Confidential) INTRODUCTION TG DETECTOR ENUMERATION, hy Thomas Limperis
The fundamental problem which faces the infrared scientist or enginecr regarding detectors is

p choousing the best cell for h:; application frem the many different kinde of detectors availabie. Many

of the detector paranieters musi be taken into consideration before the final judgment can be made.
They includge:

(1) spectral response
(2) detectivity
(3) resistance
(4) noise spectrum
(5) relative response
(6) time constant
{7) parameter linearity
(8) sensitivity contour
(9) cooling temperature
.. (10) availability )
" {11) magnitude of signai and noise

Usually the most important of these is the absolute spectral response, for the detector must be sensi-
tive n the waveiength region of interest. Perhaps the next most important parameter is the time
constant, since it provides a meuasure of the information capa .ty of the detector. The magnitude of
sigrial and noise and the resistance are good measures of the simplicity or difficulty of the electronic

design required, and the cell gperating temperature tells something of installation difficuities.

In tnis section most of the above-méntioned parameters are discussed individually for all the
commonly used detectors. Composite curyes of the spectral response and a table of the other perti-

nent parameters are included so that a ready comparison may be made. These summaries foliow
immediately.

The spec

PCSPINSCS, OF eteciivities as a funciivn of waveiengtn, o1 most of the detectors
treated i this report’and ail of the cufrﬁ?ntly used detectors are shown in Figure 5-1. Values for
immersed and unimmersed thermistors are gi1ven for comparison. Unless indicated otherwise, the
curves are for representative detectors - those that would be delivered by the appropriate manu-

frotarers most of the time. For iead sulfide, lead teliuride, lead selenide. and tellurium, values for
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selected cells arc also given. The details of the averaging process, values of standard deviation, and
] other details are given in the appropriate subseguent sections.
A theoretical curve for D* is also shown in Figure 5-1. These theoretical values were deter-
B mined by assuming that the detectdr’s spectral response has a saw-tooth configuration. Fcr this type
i of reanonse . the wavelengtn at peak detectivity and the cutoff wavelength are the same. The calcula-
tivns were hased on the assumption that the ultima$s noise limitation was caused by random arrival
of photuns from the background. (See Chapter 3 for a detailed discussion of noise.) Present-day
quantum detectors Often have spectral responses which differ considerably from the assumed saw-
tootn shape. For example, the impurity-activated germanium detectors have a spectral response
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more accurately approximaied bi{ a superposition of *wo saw teefh,"one csrfésponding t the
itrinsic absorpticn rogion aind the vther o itle extrinsic absorption region. More exact approxima-
fwns to the actual curves can also be used. Smith, Jones, and Chasmar (Referenéé 5-1) did this for
iead salts. A brief explanation of how to compare the theoretical iimit with the curve for any given
detertar ic ir nrder. The thooretical limst of peak D' (for a 300° K background and 1809 field of view)
15 piotted dis a function of the detector long-wavelength cutoff. The cutoff is defined as that wavelength
at winuli U hias decreased oy a tactor of 2 from the maximum D¥. ’fo find the theoretical limit of
detectivity, one 3imply determines the cell cutoff wavelength and reads off the D* peak value from the
curve. By comparing this value with the peak D* of 2 representative cell one may observe how close
detectors approach the theoretical limit for that material. In cases where the material is relatively
new, one can expect the difference to be large; and, conversely, when the st;;lte of the art is quite close
tp the theoretical limit (a factor of an order of magnitude or less), little improvement should be ex-
pected in D*. However, increases in detectivity can be obtained by iimiting the detector field of view
with conled shields (see Chapters 3 and 4 for a detailed discussion of this). Improvements might alsc
be expected in terms of reproducibility and parameter stabimy‘. For example, the lead salts have

average detectivities about an order of magnitude from the theoretical limit, but much is desired in
the way of parameter stability.

Other parameters of detectors are presented in Table 5-1. Ranges are given for the impedance
and time constant for each material. One should keep in mind that for oxygen-sensitized film-~type

detectors, either impedance or time constart may be optimized at the expense of the other, cften with
some sacrifice in NEP.

In many detector applications, high levels of background radiation exist. Conseguently some
measuTe of lie photosaturativn (Or nunlinear effects) is needed. We propose a figure of merit, Hs,
which is defined as follows: HS ig that level of effective background‘ irradiance incident on the de-
tector which causes a degradatioh of a factor of 5 over noise equivalent power which was measured
with a background temperature of 300° K. The factor of 5 has no significance except to indicate the
level of background radiation where photosaturation is appreciable. This degradation can be caﬁsed
by an incrgased noise level or decréased responsivity. HS gives the equipment designer a2 measure of
the cell performance in high-temperature envirenments such as exist in infrared-guided, h"-.jgh-velocity
missile svstems. The fioure of morit reported in Tabie 0-1 was caicuiatea trom the data generated

by Molitor et al. (References 5-2 to 5-5), who made measurements on PbS, PbSe, PbTe, InSb, and

1 s - v 1 . N i .
Effcctive background wrradiance implies only those background photons which have wavelengths
in the spectral region to which ire detector 15 sensitive. '
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Time Hs H Cell
Mater:al Mode Resistance Constant D= Peak X Peak Temp.

(e 2

(usec)  (W/em®)  (em.cpst’2.wh) () °K

" h L _ it
T
=2
&
1

(7]
©

©w

[=3

o

PC 0.5-1.5 M@  150-500 1.3 x 10-3 ! 1x 1011 2 300

pC 1-10 M@ 800-1500 g x10'? 2.5 71

PC 50K-5MQ 1-10 5 x 108 3.4

PbSe PC  02-20M2  10-20 4.5 x 1010 3.4 228
.. pC 5-100 M@ 10-30 _ 2x10° 8x10° 7 M

PC 01-10M@  1-10 2x10° 3.2 300
P 50-100MQ  ~15  5x10° 8x10 4.5 i

TI, S BC 1-10 MQ 300 1000 ; 2.5x 10 0.5 300

Te PC "500-2 KQ ~50 4.8 x 10 3.5 1

bPbs

PC 1.0-1002 <1 1.3x 10 5.8 193
PC ~2009 a 4x10%° 5.3 7
Lasb PV 200-20004 <1 1.5x 1072 4 x 100 5.3 71
PEM 2-309 < ‘ 1x10° 6.4 300
InAs PV 30-2009 ~2 8 x 10° 3.5 300
Ge:Aul PC 0.1-5 MQ <1 8 x 10° 5.0 7
Ge:Aull PC 1-40 MQ 30-1000 3.5 x 107 1.5 80
Ge:Cd PC I 2.7 x 100 i7 26
Ge:Cu PC  30KQ-20 MQ <1 3x10°0 25 ~15
Ge:Hg PC 2x 1010 9 33
Ge:Zn PC ~0.5 MQ <0.1 1x10° 34 4.2
Ce-8i:Au PC ~0.6 M@ <1 2 x 109 9 - 60
Ge-si:Zn ___PC__ ~30M@ <l 2 x 10° 10 6C
s 134 770 MQ ~4 9.6 x 10'2 0.9 300
Thermistar  PC n0.5-2.5 M0 1.15 msec 2.0y 108 — ang
t
g
=
%
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Waistancs, noisc (80, 1Y, rosponsivity, and NEP were determined as functions of background

detector was measured. Unfortunately, these data are not available for all detector types.

In sume detecior. applications {i.&., infrared systems in intsrplanetary space), the detector is
subject to high-energy particie bomiardment. Cansequently, some knowl.edgé of the kehavior of de-
tector response to high-energy particle flux is of value, Unsi)rtunately, the majority of wg‘.rk (Ref-
erences 5-6 to 5-11) in this arex ..as been directed towards observing these eifects in the lead-salt

detectors only. This may be because room-temperature cells are so convenient in these applications.
Immediately following are detailed descriptions of the individual detectors. The{irst of these
i
sections describes the iead chalcogenides (PbS, PbSe, and PbTe). This is followed by discussions of
impurity-activated germanium, impurity-activated germanium-silicon alloys, teliurium, indium

arsenide. and indium antimonide.
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5.2. THE LEAD SALTS, by Thomas Limperis
The lead chalcongenides were the first most highly developed. highly reproducible infrared

wantum detectors available for scientifie and military application. The early work on these materials

W3

dates hack t¢c World War II, when German scientists developed two methods for producing a new type
of lead-salt detector which was composed of a thin polycrystalline fiim. One method of preparaticn
wasg to deposit the film by chemical means. It is interesting to note that chemical methods for de-

positing léad suifide {ilms have been well known in the mirror industry for nearly half a century, but

" such reflecting filias exhibit little or no photoccnductivity. The other method is an evaporation tech-

nique. The film-type lead sulfide detector was first produced in the United States in 1944 by Casnman
at Northwestern University (Reference 5-12), Subsequently, in 1945, Sosnawskl et al. (Reference 5-13)
of the Admiralty Research Laboratory (now the Services Electronics Research Laboratory) produced

the first lead sulfide film-type dctector in England. More detailed information on the history <f these

cells may be obtained from a special issue of the Progeedings of the Institute of Radio Engineers
{References 5-14 and 5-15). ‘

The detectors which are available today are on the average far better than those used during and
immediately after World War II, although some of the old detectors are ag good as any today. Al-
though more is underetood-today about the operation of these detectors, there is still a reasonable
amount of cut and try and "do-it-cause-it-works." _

Three photoelectric properties of the lead salts have been used for the purpose of detecting in-
frared radiation. They are the photuvoltaic, photoelectromagnetic, and photcconductive effects.
Photoconductivity in polycrystalline films has been the most frequently used efiect, since the photo-
voltaic and photoeleétromagnetic mbdes require single crystals. These crystals are still relatively
difficult to make, and, since their carrier-recombination time is very short, onlv extremely small
photocurrerts can be obtaired.

The spectral response of the three types of detector has been measured and reportéd in the lit-
erature. Moss (Reference {;-16) has measured the PEM (photoelectromagnetic) response in Wisconsin

galena oi high p.rity. Fischer et al. (Reference 5-17) measured the photovoltaiz response in Sardinian

‘galena. The long-wavelength limit of response for these modes in the galena crystals was 3.0 u.

Scanlen and Lieberman (Reference 5-18j, using synthetic single crystals of PLS, PhSe, and PbTe,
measured the room-temperature photovoltaic response, and determined the long-wavelength limits
as zpproximately 3.3 ., 5.08 .. and 4.0 ,: respectively. Tie long-wavelength limit is defined as the
wavelength at which the response falls to 1-2 the peak value. The carrier lifetime 1n single crystals
wids 1ound by these and Hther workers 1o be several orders of magnitude shorter than the lifetime in

thin filins,
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Models tor Photoconductive Detection with Thin Films

When tnin 1lms of the lead salts are examined under a microscope they appear to be composed
of small single crystals 0.1 to 1.0 u long (Reference 3-18j, separated by barriers 0.001 u wide.
hese barriers are probably composed of PhO andsor PbO- PbSO, (Reference 5-20). The lengths of

3

3

the microcrystals are dependent on the amount of fiim oxidation (page 1869 of Reference 5-21 and
T

Reference 5-22), where longer oxidation periods result in smaller microcrystals.

Optical absorption {Reference 5-23) and electrical conductivity (Reference 5-24) measurements
on single crystals of the lead salts have shown that the energy gap of the single crystal corresponds
to the iong-wavelength limit of photoconductivity of the film. Thus, the photoeiectric process in which
free carriers are generated by absorption of photons involves a main-band transition in which an elec-
tron is raised from the full band to the conduction band, thereby leaving a hole in the full band. The
role that oxygen plays in the photoconductive process therefore must be tound in the récombination
of charge carriers. Recombination processes are discussed generally in terms of the carrier life-

time ot importance {References 5-20 and 5-25 to 5-27). Three models will be discussed briefly.

In the intrinsic-carrier model (Reference 5-25) oxygen acts as a p-type compensator impurity
to balance the n-t_v'{pe impurities in the film. Both the lifetime and the numbar of free'holeL and elec-
trons are equal. Rec'ombinatlon,:occurs between electrons and hoies either directly or via recouibination
centers. Maximumn: response is obtained by minimizing the eiectron and hole densities by compen-

sation and by maximizing the lifetime of hole-etectron pairs.

In the minority-carrier model ‘References 5-25 and 5-28), the film is visualized as a compnsite
of microscopic n-p-n junctions. The crystallites are n-type with a thin layer of p-type material in
between, presumably produced by the oxidation treatment. Barrier modulation plays an important
role in this model.” The diffusion of minority carriers across the p-n junctions results in lowering
the sparce-charge barrier at the junction, thereby allowing more current to flow across the junction.
A long minority-carrier lifetime and a low minority-carrier charge density are again necessary for

- high responsivity.

+ The majority-carrier model (References 5-29 and 5-30) depends on the presence of minority-
cacrier traps in the film, whicl are due 10 oxygen or oxygen-containing molecules. The traps may
be of either the surface or the bl tvne The froe minority carvier cieaied hilaiiy by the ppoton,
when trapped, leaves the majority carrier free to conduct. The increase 1n the majority-carrter
Litetime 1= proportional to the time the minority carrier .épends 1n the trap. High responsivity is ob-

tarued by optinpgzer e the vt of the maj  itv-carrier lifetime to the majority-carrier density.
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Secondary amplification is also possible through lowering of the intercrystaliine-barrier potential
by the trapped minarity carriers.

Many of the properties of photoconducting fiims have been yexpialned by the last two models. It

i8 not unlikely that hoth these processes and other mechanisms are present in the vartous photocon-

drictive films.

Band Gap

In 1952, Gibson (Reference 5-31) and Clark and Cashman (Reference 5-32) reported that the lo-

cation of the absorption edge (and therefore the band gap) is a function of the temperature of the lexd-

salt crystal or film upon which the measurements are being made. An examination of this dependency

revealed that the edge shifts towards lorger wavelengths with decreasing temperature by the amount

of 9.5 x 10'3 1/9C; this coriesponds {0 a decrease in the ener'gy gap of 4 x 10'4 ev/°C {Figure 5-2).

This shilt is anamolous since the absorption edge in most semiconductors moves towarde shorter

wavelengths with decreasing temperature.

One method for theoretically determining the energy levels In solids is ts canslder the lattice

sites widely separated and tu ouserve the behavior of the discrete atomic enargy levels as the atoms
are broughi cioser together to form the crystal lattice. Becausc of their charge interaction, when
the atoms are brought closer together these discrete energy levels broac:n into tands. Two possible
behaviors are shown in Figure 5-3. The iwormal spacing 18 a room-temperature condition. If the

lattice spacing is decreased slightly from the room -temperature position by decreasing temperature

0.50
0.45 > Normal Spacing 5 Norma! Spacing
0.49 2 :/ g \<
- & ) Z
> 0.35 z !
K ] n \! B \u
.. 0.304 l .
mﬁb
0.25+ ~————Energy
Gap
0.20 l I .
- Valence Band | Valence Band
0.i% T T T T i ] i
0100 200 200 450 550 GO0 LATTICE SPACING LATTICE SPACING
TEMPFRATURE (°K) (a) {by
FIGURE 3-2. CHANGE IN BAND CAP
WITH TEMPERATURE FOR THE PbS FIGURE 5 3, POSSIBLE ENERGY-BAND DEVELOP-
FAMILY MENTS
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O incréas.iig pressdre, tie band gap decreases as :n Figure 3-3(a) and increases as in Figure 5-3(b).
Presumaniy the lead chaicogenides behave in 2 manner similar to that shov-n in Figure 5-3(a). Elec-
troa laliic e it Faciivg e broadeutag of allowed enwrgy levels by phonon-aiectron interactios) also

affects the size of thé band gap. With decreasing temperature there is less interaction between the

and therefore a wider band gap. The net result of the twn eifects described above (electron-lattice

: ev/°C.

s

inmteraction ana change in !attice spacing) is a band-gap change of 4 x 10~

5.2.1. LEAD SULFIDE. Lead sulfide in single-crysial form has a blue, metallic appearance

" and « cubic (sodium chloride) structure (Reference 5-33). It melts at 1114°C and has a specific

gravity of 7.5. The primary impurities found in the natural crystals are zinc, copper, and silver.
The synthetic crystals are plagued with nonstoichiometry which strongly influences the electrical
and optical properties; however, synthetic crystals with resistivities up to 1 ohm-cm (aimost the
intrinsic valué at room temperature) have been prepared by Scanlon and Lieberman (Reference 5-18)

by wrowing crystals in a controlled vapor pressure of sulfur.

Many oi the optical and other physical properties of this material are reported in 2 recent IRIA
publication (Reference 5-34). :

5.2.1.1 Absorption. The long-wavelength absorption edge of lead sulfide has been determined
by Scanlon (Reference 5-18) with high-resolution optical tranemission measurements cn very thin
crystals (Figure 5-4). For preseat purposes, the absorption edge will be defined as that point on the>
absorption curve where the/slope 18 a maximum. The edge, according to Figure 5-4, for room-tem-
perature lead sulfide occurs at 3.0 i (about 0.4 ev) with a corresponding absorption coefficient of
about 2000 cm'l. Since the spectral response arl}d the cptical absorption are related, tae potsitlbn of
this edge is important. In fact, it lies at the same wavelength as the single-crystal phctovullaic-
respo;lse cutofl and the polycrystal photoconductive-response cutoff, indicating that these responses

are due to absorption resulting in main-hand transitions.

5.2.1.2. Refractive Index. In 1953, Avery (Reference 5-35) determined the index of refraction

185
Sua

for !l ide in the waieleugih 1egion beyond the absorpuon edge (A » 3.U ). The reiractive in-

(29

dex was found to change with the type of material and variations in applied oxygen pressure in a man-
ner not easily explained. Jt varied linearly, however, with charges in sample temperature. The

temperature dependence 1§ illustrated in Figure 5-5.
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FIGURE o-4. OPTICAL ABSCRPTION OF VERY THIN

CRYSTALS OF PbS. Thicknesses of the samples used for FIGURE 5-5. VARIATION OF REFRACTIVE

different parts of the curve are shown. DNDEX WITH TEMPERATURE

~ 5.2.1.3. Resistance. The dark resistance of a iead sulfide cell 18 independent of its sensitive
area as long as it-has a square geométrlc configuration. Tb's is true since the resistance is defined
as Rc = {/owd, where ?¢ i8 the length, w is the width, and d is the cell thicknéss. A typical detector
made specifically for room-temperatuire operations will have an impedance value of 1.0 megohm at -
room temperature. Upon cooling, the impedance will increase to 30 megohms at ary ice teiuperature
and 60 megohips at liguid-nitrogen temperature. The impedance can be controlled during the manu-
facturing prncess (probably by controlling the amount of oxygen sensitization) within the range of 1.0
kohm to 100 megohms (Relerence -36) for detectors at any temperature. A wide range of cell im-
pedance can also be okizined by varying the cell geometry (varying the ratio of ¢/w). The Eastman
Kodak Company (Referenge 5-37) has reported an 1mpedance variation from 6 x 103 to 107 ohms for
rucm-temperature cells. - Figure 5-6 i1llusiraies three pussible cell configurations to obtain this
.atitude. Figure 5-6{a) shows the geometry of the conventional cell where { is the length, w is the

width, aed dis the film thickness. The cross hatching represents the gold electrodes, and the dark

portiun is the sensitive-film. The ennfiguration in Fioure 53 801} | igh impedances sice
{ - . Conversely, a configuration such as Figure 5-6(c) results in low impedances since w >> 1,
One of the problems incurred when using cells with these geometries is the luss of a portion of the

energy from the target since the image may overiap the sensi.ive area.
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The cell resistance {s also a function of the level of background illumination incident on the cell.
This dependence hus been determined by using an Eastman l.odak PbS detector. These data {Reference

5-2) are preceated in Figur2 5-7.
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5.2.1.4. Noise. Figures 5-8 and 5-9 show the nuise spectrum and fregquency response of a typical
couled Fiss cell which was selected as representaiive of PbS cells in general. This selection was

made from one of the NOLC (Naval Ordnance Laboratory Cnrora) reports on PbS (Referencc 5-38)

(SR g

- 1
= - 10
€ — 3
7 a .
5 100 £
& 80 _\ ) I
p . 2
é 601 < 1.0+ .
- N = -
m o \ a3
Ll 4 - -
5 0_1 % i
4 207 i
E Q,l 1 s z-nrvr/ﬁ-"v—rm?r‘s“r 1—rvnrrrzv—1'—rrrm'= 101 —r—r T Y 13 g f*""*'l“
10 10 10 10 10° 10’ 10° 10 10
FREQUENCY {cps) FREQUENCY (cps)
FIGURE 3-8. TYPICAL RELATIVE RESPONSE OF Fb$ FIGURE 5-9. TYPICAL NOISE SPECTRUM OF Pbs

The noise power spectrum appears to be approximately 1/f (corresponding to a nois--voliage
/
spectrum of approximaiely 1’[1 2) in a range between 0 and 100 cps. In the range from 100 to 1000

cps G-R noise predominates, and beyond 4000 cps, the major contributor is Johnson noise.

If both the freque.cy response and the noise spectrum are examined simultaneously, it may be
the Chupping irequency 15 in the 1/t region of the power spectrum, tite relative response
of the cell is at a maximum. The cell still yieids maximum response if the chupping irequency is
increased to abproximately 150 cps where generation-recombination noise begins to dominate. if one

attermipts to chop in a regton where Johnson noise 1s humting, beyond 4000 cps, the relative response

will have decreased hecause of time-constant considerations, and the signal-tu-nuise ratio will have
aropped gig::'t.calxtl&'. It appears from the forepving discussion that one would hupe to obtain a maxi-
mum signal-ta-noise ratio by chopping at frequencies just beyond the 1/f-noise region, where the

noise has decreased significantly and the cell still yields maximum response,

freaquercy may be determaned by plotting NEP or detectivity as a function of choppin frequency.
1 Y } y P & 3
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Tho wamaben of 00 Cpo i voltoge with the lovel of Loghigroand radineion hoo boon detdrmingd

by Molitor et al. {Keferences 5-2 to 5-5). These results indicate that the noise valtage in PbS is con-

_5 -3 2
stant for background :lluminaticn levels irom 10 > to 4 x 10 ~ watt/cm .

9.2.1.0. Immersion. Several manufacturers have reported successful immersion of PbS films
(Figure 5-10). infrared Industries, Inc., has available PbS detectors immersed in eithei sapphire or
strontium titanate which allow temperature cycling ftom -196°C 1o 100°C, implying that temperature

charges in this region w1l not seriously effect the cell characteristics.

Tne Eastman Kodak Company is presently using Kodak selenium glass and "'other materials”
(presumably Sx"I‘lO3 or pressed compacis of the Irtran series) as immersion materials. These lenses

are available with radi ranging irom 2.5 to 13 mm. (Note Appendix B on immersion techniques.})

5.2.1.6. Radiation Effects. The effects of nuclear radiaiion (gamma, fast neutrons, and protons)
on PbS-detector parameters have been studied by several researciers (References 3-6 t rough 5-11).
A sum.mary of the recent measﬁrements by Billups and Gardner (Reference 5-11) is presented in
Figure 5-11. Their work was directed towards recreating thlv environment believed to exist iz the
Van Allen radiation belt (References 5-39 and 5-40). Radiations of 7.5, 133, and 450 Mev were used
in the experiments. Changes in the parameiers of responsivity and resistance were observed as a

function of total flux dosage (integrated flux); the results are presented in Figure 5-11. Integrated

7.5 Mev
i ¢ 133 Mev
60— o 450 Mev
40— ® Thermal
Neutron

PERCENT CHANGE IN
CHARACTERISTICS (AL, C x 100)

Y 1l gt 114
\ .
“—Pbs Film INTEGRATED FLUX
FIGURE 5-11. SUMMARY OF DATA ON THE EFFECT
FIGURE 5-10. IMMERSED Pb3 OF NUCLEAR FLUX OX Phs CHARACT ERISTICS.
FILM ---- T oresistance —— - responsivity
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Plaxes of 167 correspond iu 2 years in the heart of the Van Allen bolt. It was lound that ceils whose
responsivities degraded bw 30% or less recavered rapicdly {io a matier of hours). For degracations

iarger than this the recovery time is lonser.

5.2.1.7. Detectivity. Over the past nine years, NOLC has disseminated a large amount of dita
on the photoelectric pruperiies of photoconductive detectnrs (2 fowr detertors of e photovoitaie and

plutueiectromagnetic type have also been reported) which have been gonstructed from a large variety

of materials. The detectors u hes

in these measurements were sent to NOLC trom the cell manufac-
turers. They represent, in some cases, the contractor's best effort at that time, and, in others, the
average detector from a large batch. The room-temperature PbS data reportsd since 1956 were used
statistically ;in this section. Slightly over 100 cells are represented in thisﬂ statis*.cal study. The
results are shown in Table 5-2 and Figures 5-12 and 5-12. These piesentations are deseribed in-

dividually below,

12 T T 7 1 1 S E R (e T
_Il ] ! STATISTICS g
10 i T { T 7 Mean Vaie 9.45 -
“ i n i ! Morle 4,27
a 3.«___{, - r i i Median 4.95
[3) ! | Range 23.39
£ | Mlean Value Average Deviation  5.40 Theoretical
o b—«‘ — T Standard Deviation  6.50 ——T— Limit T
5 } 0 [ ! Variance i8.80 ! :
P ! i i | | !
T e S
! H H i !
z ! m i ; ! i | 1 { i
S8 I lﬂ i ¥ I A
TitaE Rtk 'l ‘ 1 ! I
a1 T S T VI TR
T { ! { J T 13
2 4 5 8 10 12 14 16 i3 20 22 24 2.5 x 10°

D* (1010 watts_l)

FIGURE 5-12. HISTOGRAM OF D* VALUES FOR PbS DETECTORS

Tatle 5-2 contains a list of all the repcrts from which the data were obtained. Included in the

table are the pertinent cell parameters along wiih the name of the cell manufacturers aind 4 reierence

to the report. For example, the first line presents the parameters from 39 cells manuiactured by
_ \ . - 2

IRI (infrared Industries, Inc.). All of these cells had sensitive areas of 25 mm . The average value

of NEP, 7, dark resist:

l, cell temperaiure, wavelength of peak detectivity, ceil noise voltage, and

cell current are given. The standard deviativns from the averace values are also given for each
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Maximun; Value
of 100 Celis

11

- /\ \
N Average Value

As Calculated ‘\

irosu 100 Ceils

1 Lo

[
o

s
I NE

-1
D* (X, 8¢, I} (cm- cpsl/2 swatt’ )

]

i T T
1 2 3
, WAVELENGTH (1)

FIGURE 3-13, ABSOLUTE SPECTRAL RESPONSE
OF Ph& CELLS AT 300%

parameter to indicate the spread of values. Two cells trom NOLC Reports No. 397 and 400 were

omitted from the study because their chardcteristice deviated greatly {row the rest of the cells. The

time constiits weie deternuned by shimng a sguare-wave pnice of Hicht 55 the cell aud determinmng
ihe length of time it touk the signal voltage to reach 63 § of its maximum value. Inthe last hne of

the table the time constant 1s listed as 7-effective (the effective time constant). This is determined

by ahserving the cell response 45 a function of chnpping {requency.
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f;suic V- I2 is u fstograc oy D k'\pk' 30, 1) values. The data tor this histsogian were obldlued
trom the repurts enumerated in Table 5-2. The theoretical limit of detectivity is included for. com-
parison. This value was determined by using the theorstical lirait of NEP for room temperature
cells determinad by Smith, Jones. and Chasmar {Reference 5-1), The calculatiors were made for the
vackground-limited case {i.e.. detectors whose noise limitation is due to the random arrival of back-
vlound phatuns}. 1L is> inieresting to note that several detectors differ from this theoretical !imit by
4 factor of only 10. The mean value differs from the theoretical limit by a factor of 25, which 1n-
aicates that the state of the art is goud. The mode or D* (Apk' 96, 1) value which occurs most fre-
quently i3 4.3 x 1010 cm - cpsl' 2-watt-1. Today, all major PbS cell manufacturers guarantee a de-
tectivity of around 10] 1 cm . cpsl"2 . wattml, and they will provide cells with higher detectivities at

extra cost.

The theoretical limits of D* as determined from Smith, Jones, and Chasmar generally require g
some modification in order to make comparisons with the D* values of actual cells. An examination
of their analysis shows that the parameters are cell temperature; 'lm’ ’yhe wavelength of peak response;
Ay the wavelength where the response is dows 50%; and, Ay the wavelength where the response is down
down to 1/100 of its peak value. For lead sulfide detectors at room t{emperature, Smith et al. chose
2.5 1 for the wavelength of maximui: response (apparently based on some early data of Moss),
whereas 2.1 1 would be a more 1ealistic choise based un the average of 100 ceils. The shifi of 0.4 4
{0 shurter v."a'.'clcng',hs will increase the value of D* theoretical limit because a smaller number of

room-temperature photons are involved in producing generation-recombination noise.

Petritz {Reference 5-41) has computed the detectivity, G* as a function of energy gap and

Blip .
long-wavelength limit, )\c, defined by E - hc,/)\c. Although his calculation assumes that the spectral . .
response terminates abruptly at '\c’ his D* values are oaly about a factor of 2 higher than those of

Smith et al., provided Smith's \0 is used. Thus, from $mith’'s table with AT

6.7 x 10ll cm -cpsl"lz-watt'l. From Petritz’'s curves with ;\‘, =2.9 u, D*=14x 1012 cm-
» . %

= 2.5 u and XO =29 u,

Dt

-

/

-1 ) ) . . .
cps +watt . The change in D* with long-wavelength limit should be the same by either analysis,
although detaiied calculations by Smith's method have not been done with )\o = 2.5 . From the
arerage-value curve fur 100 cells, z\m = 2.1 andx =2.5 ;. From Petritz's curve

V)

D*()‘,C = 2.5)

nes o8

The sivpe uf the loag-wavelength tail in Smith’s analysis i1s determined by the values of A , and
.
Voo Itappears that the experimental curves of Figure 5-13 have about the same slope as the theoret-

1wal cerves In arder to obtain a eomparison with the experimental curves, it seems reasonable to
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assrr e Lhat Smiuth's curve should be shifted 0.4 4 to the lett, and there the ordinates sho‘ulld be multi-

plied by the fuctor 2.

<«

A few more remarks regarding the siope of the long-wavelength tail seem apprspriaie since an
examination of ihe spectral response curves of PbS cells made by different manufactusers shows
considerable difference in the slope. it is well known that the long-wavelength tail of the spectral

response curve may be represented by a o

< Expoircnital function ot A.

3(r) = const exp a(.\O - /\)]

The logarithm of § is generally plotted, which yields a straight line with slope a. Tn Smiih's
analvsis a was cstablished hy the experimentally determiined vaiues of Ay and ,\1. In order to com-

pare actual ceil detectivity with the theoretical limit for a given material, say lead sulfide, the ex-

-perimental values of A_ and /\1 should be determined, and a calculation similar to that of Smith et al.

made to determine the D* theoretical limit, provided of course that these wavelengths differ from
those of smith. Then slope a for 1Rl and ECA (Electronics Corporation of America) PbS cells is
flatter, at leasi in recent vears, than those of other companies. At longer wavelengths, the D* values

for these celis in some cases exceed the theoretical limit unless the Smith caicuiation 1s modified.

Figure 5-13 presents for comparison D* (A, 90, 1) as a function of wavelength of the theo: ot'cal

limit of D*, the maximum value of the 109 cells used 1n the study described above, and the average
value from the same study.

s
[
]
[<}
.
o
E.
£
[

cells measured by NOLC since 1951. Each data point represents the D* and vintage of one cell. The

points are highly scattered, and consequently {ew inferences c#n be made. However, the figure docs
illustrate the results of the PbS effart in that timc interval. The thevretical limit of D* is included
for comparison.

‘When judging the products of various manufacturers, more than one photoeiectric property
shuuld be considered at Que time. For 'example, cell detectivity may be increased and dark resis-
tance decreased at the sacrifice of time constant, or vice versa. Most manufacturers today are
abie 10 construct these cells at either extreme. This may be iilustrated by noting in Table 5-2 that
the Fastman Kodak cells have a hirher D* value by a factor of approximately 4 than the others; how-

ever, the averade time ~onstant of these cells 15 iog

than ihe time constants of the other celis by

4 tacior o 1. This phenomenon has been observed by a number of researchers 1n the field and was
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first reported by McAlister (Reference 3-42). He noted that

where 7 i the time conetant, Sis Joues’ S, and € is a constani. 3 is deiined as i

where f 1s the chopping irequency and af the bandwidth. D* is 2 better measure of detectivity; it is

ziven by
VAVAl
D* = NEp
then,
pe -

and finally

—Jf
TV

oL = constant

Since the chopping frequenny is alwaye 80 epe foor NOLC data, VI may be incorporated in the corstant.

It should be noted that evaporzted types such as the French cells of Table 5-2 shyw shorter time
ronstants at room temperature than those prepared by chemical depusition. Evaporated types which
show poor long-wavelength response but which have time constant of 50 usez or less are widely used

in sound reproduction and in near-infrared cormmunication systems.

All the cell properties presented in Table 5-2 are functions of temperature. A typical time con-
stant for roum-temperature lead sulfide films is around 500 pysec. This value increases to 5000 usec
when the cell is cooled to liquid-nitrogen temperature. The D* value increasés at roughly the same
rate. Cooled Fb$ detectors were not treated statistically in this report since the data were meager.

However, typical time constants, resistances, and D* (A, 90, 1) ar’ presented in Section 5.1. East-

man Kodak has reported a production PbS detector® which exhibits a time constant of 9 usec with little

sacrifice in peak D* at room temperature. These extraordinary cells, however, have extremely un-

stahle charactenistics. '

2 N B B - - —
Private c ommunications with George Koch ot Zastman Kodak Company.
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n

52,18 Summary. In view of the dats presented abuvs. one might sily that PbS has an advanced
state of the art and that little impravement should be expected in the way of detoetivity, Ioweover,

in provement 15 aceded in other vespects if this cell is to be the mainstay in the 1- to 3-u reginn.

These improvements should include stability of cell characteristics, shorter time constants, better -

Stabihty to cell envirorments was a problem for room-temperature cells in the early 1850's
{Referesnce 5-43). The water and oxygen in the zii was ubsorbed by the cell, thereby altering the
";.)homelectric properiies drastically. This problem has been overcome somewhat by isolating the
detector surface from air by cementing a cover glass to the surface, applying a lacquer coating, or
enclosing the detector in a potting compound. Stability of the characterisiics in cooled PbS cells is
still a ‘px:oblem. Celis which are mounted in an evacuated dewarshave a tendency to outgas the oxygen
and therefdre aiter their characteristics {since dark resistance, DT, and viher phoivelectric proper-
ties depend on the degree of oxygenation). This cannot be solved as easily as the room-temperature
stability problem, since potting compounds and lacquer coatings aiso cuigas and eventually contmm-
inate the dewar vacuum. Since room-temperature Pb$ cells are used primarily, this probleni may
be overlooked. '

i .
n

Since long-time-constant detectors are not adequate in systems where high information capac-
ities are required, such as rapid-scanning devices, Eastman Kodak and others have been concerned

with decreasing the time constant without degrading the detectivity.

Thie nonuniformity of response across the sensitive surface i5 also a problem. To illustraie
this. typical seasitivity contours are displayed in Figure 5-1i5 (Reference 5-44). The numbers.ap-
pearing in the figure represent the relative response values for the areéas enclosed by the contoui
iines. These sensitivity contours were selected from NOLC reports and to the authors' knowledge

closely represent the average .chemically deposited and evaporated PbS cell.

On the other hand, since these detectors are constructed by depasiting sensitive films on non-
conducting syrfaces, it is apparent that many geometrical configurations are possible, and in fact
this 15 the case.. Geometries such as linear arravys,'mosaics. spheric2l substrates, annular sensitive
areas, and many others are available from manufacturers today. In view of this, and the fact that
parateeters such as NEP. 7. and resistance may be tailor-made to fit the system (though at the ex-

pense of other parameters), one can say that this detector is quite versatile.
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p——0.0 M ————y I 0.5 cm

.

(a} )

FIGURE 5-15. SENSITIVITY CONTCURS OF PbS CELLS. (a) Evaporated. (b) Chemicaily deposited.

A list of PbS-detector manufacturers is gi* °n below.

U. 8. Manufacturers Foreign Manufacturers
1. Bulova Research and Development 1. Admiralty Research Laboratories
Laboramiies, Inc. 2. British Thompson-Houston Company o
2. Coutinenta! £lectronic Company 3. Electro A. G. Zurich
3. Eastman K(.)di{k Company . 4. Societe Anonyme de Telecommunications
4. Electronics Corporation of America 5. Mullard Electronics Products, Ltd.
5. Geneval Electric Cuompany 6. Observatory of Paris
6. Infrared Iidustries, Inc. T. Services Elecironics Research Establishment
7. Santa Barbara Research Center 8. Royal Radar Establishment
8. Minneap:lis-Honeywell Regulator Company

5.2.2. LEAD SELENIDE. Crystalline lead selenide has a shiny, gray appearance. It is iound ia
nature in the form of smail single crystals called clausthalite. Its structure is that of rock salt with

a binding velieved to be partially ionie

w

nd partially covalent. $nlid lcad selenide melts at 1065°C.

It has a density of 8.1 g cc.
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5.2.2.1. Absorptior. The room temperature absorption spectrum of lead selenide has been deter-
Absorplior., ¥y P

mined by Avery (Reference 5-35) by measuring the reflection coefficient of single crysiais. Gibson

(Mefz; enee 3-8y and Scunlon and Lieberman (Reference 5-18) determined the absorption spectrum at
various temperatires using transmission measurements or single crystals. The resulls are presented

i Figure 9-%8, These data indicate that thz absorption \ed(;es for this material at rooni, dry-ice, and

ligeid-nitrogen temgeratures are localed at 5.0 ;5.6 4, and 7.0 u, respectively.

6 "}-ELL‘I‘;‘ Cin
10 —-‘; "=, From Reflection
" Measurements (Avery) )
5 %}oox ;
107
/o

ABSORPTIOR COEFFICIENT (6m™ 1)
e
|8

O
300°KkY | From Absorption
v | Measurements
| (Gibson) -
102_. From .,
Ahsorption
Measurementzs N\ | 1900K 909K
.| (Scanlon) 2009K
o T TT T 1 T 1 N
0 2 354 6 6 8 10 12 -

WAYELENGTH (1)

FIGURE 5-16. ABSORPTION-COEFFICIENT MEAS-
: UREMENTS ON PbSe CRYSTALS

5.2.2.2. Refractivc Indua. Values oi the refractive index and the real and imaginary parts of the

dielectric corstant have been determined by Avery (Reference 5-45). He shows that the index of re-

fraction varies from about 2.5 to 4.5 in the regionof 1.0 ulv 2.2 4, and from 4.5 to 4.6 in the region of
2.2 uto 3.5 u.

5.2.2.3. Resistance. The dark resistance of the detector increases as the cell temperature de-

creases: it is also dependent upor. the amount of oxygenation the film receives during preparation.
Roomn-temperature evaporared zelle with

Wivsl 3y

uare geometric configurations have dark resistances of
around 1 megohm. while the room-temperature chemically deposited detectors have resistances of

around 50 kohm. When the chemically deposited detectors are cooled, the resistance iucreases from
2 to 30 megohms.
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"
Just as in the case of PbS, PhSe cells may be constructed in ¢ wide range of geomeirical vonfigura-

tions to furnish a latitude in resistances for different applications. The resistance is aiso a function

e of tne level of background illumination as in the case of PbS. On a lng-log plot (cell resistance versus

. . 2 qn-1 2
backzround flux Jensity) the resistance falls from 30 megohms at a background level of 10~ watt/cm

P s io=2 2 )
U a resisiatice of 16 megoiuns at a backgrounid level of 10 ~ watt/cm . The data are presented in
Figyure 5-17. The background flux reporied includes only those quanta which produce charge carriers

via band-to-hand transitions.

160
.
8

.‘
44

T~

RESISTANCE (m=ig£0oams)

T T T T — T T T T T T7
6 8

2 8

. 4 3 p) 4 8 )

4 ‘ 1078 1072
BACKGROUND FLUX (watts/cm?)

FIGURE 5-17, EFFECT OF BACKGROUND RADIATION ON PbSe-CELL RBS}STANCE

5.2.2.4. Nouise. Evaporated room-temperature Pb3e cells have a noisc spectrum similar to that

T W R
= T

showr in Figure 5-18 (Reference 5-14); 1/f noise dominates at frequencies below 100 cps. In the [re-

3

. 10

T = 300°K

—

(]
N
3

3
B

ii

f
X
=
&
E
]
g

101

.__.
(=)
D

T T TB T
et 162 100 10t 1%

FREQUENCY (cps)

NOISE POWER RELATIVE
TO THERMAL NOISE

—
<

FIGURE 5-18. NOISE-POWER SPECTRUM OF AN
EVAPORATED PhSe PHOTOCONDUCTOR
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quiney range of 100 cps to around 10 eps the Ixmmrw neise is caused vy the random generaticn and
¢ombisaiion of charge carriers indiced by the thermal agltatxcn of la.hce At frequencies above

)

107 cps Johnson noise dominates.

L: ibe region ui G-R (generation-recombination) noise the SN ratio is independent of fr equency,

even 1hUU{,h at the high-frequency end of the G-I region the absolute value of the nOinu_?ng eionai.

vowages may be decreasing. This is true because the noise and signal have similar {Fequency de-
b . .

nendencies.

i :

In the case of chemically deposited c,ells the noise spectrum is similar to thaNn Figufe 5-18; how-

ever. at the lower frequencies the decrease in noise power is less rapid than 1/f,

As the cell temperature is decreased, the & totul noise power across the spectrum decreases, but

the limiting noise mechanisms in the different {requency regions remain tHe same. There might be

2 slight chauge oi ihe irequency at which each becomes dominant,

Noise in PbSe detectors is also a function of the level of backgx ound illumination. The total noise
power at 90 cps was determmed as a tunctlon of background illummauon level (Re[erences 5-2 to 5-9;.

This noise power was found to be constant tor background iliumination levels up to 10°° watt/ cm2 and
. for higher illumination levels the noise power increased slowly.

5.2.2.5, Immersion. Optical Eain by immersing the detector ir a material with high index of re-

fraction has heen obtained by SBRC (Santa Barbara Research Center). The material they use is

strontium titanate. The ceil material is actually deposited upon the planar surface of the hemisphere
(see Appendix B).

5.2.2.6. Detectivity. As in the case of PbS, data presented in the NOLC reports have been used

Stalisticaily 1n this study. Table 5-2 is a comprehensive chart which lists the reports from which the

data were taken. Also included in the table are the various pertinent parameters which describe a

detector. For example, the first line in the table tells something about the 16 SBRC detectors which

appeared in NOLC Rebort‘ No. 398, December 1957. The average value oi 7, D*, NEP, cell noise .volt-

age. de =k resistance, and other parameters are listed alone with their standard deviation
When considering the application of statistics 10 PbSe, one tinds it necessary to treat the following
kinds of cells individually.

11} Evaporated PbSe tiquid-iatrogen-cocled) (3) Evaporated PhSe (uncoaled)
e che naeally de posited Pose thquid-nmitrogen-cooled) t4) Chemically deposited PhSe (uncooied)
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N These cells ure treated 1n groups as described above Beeause of the considerabie difierence in peak
D= and spectra'~response characteristics among the different detector types. The average value of .
D 0x, 000 1) Ghd maxiinuw value ui DT {1, 50, 1) are Ppresented in Figures 9-19 to 5-23}. The tneor'ei;~
ical lmit ol detecavity tassuming the noise limitation is due to the random arrival of backeround '

phetons) is aisu wicluded for comparison. These theorevical curves were obtained by determining the

threshold wa"velength 3 ) in each case and reading off the peak D* value from Figure 5-1. A spectral

L <

response similar to the meacurid reeponse was then drawn such that its locus passed through the de

termined theoretical peak valu®. The resulting curve is acceptable for comparative purposes; how-

x

- ever, 1t should be emphasized that the fheoretical peak value was determined originally by assuming'

] . 1012_5 1011“.: /-\
1 Theoretical Limit T Theorret’“al
L N\ . - Limit
"; 11\“‘—' / -
F10 . .
1 30 =
? 3 ": 19 -
N { . Maximum Value = -
- of 6 Cells g
g . 1 & .
£107 3 =
S JAverage value g 7] Maximum Value
=  of6-Cells v  of 38 Cells
5 ] B 10" A -
& oA - )
=~ g P Currently ~
=~ 10 R -1 Reported
A 3 8 " Production
= < — Value
i » Average Value
A 08 of 36 Cells
8 — A
107 = —
H 3 |
N
- —
| : 7 ;
H i T T T 10 T T T T T
2 4 6 8 10 1 2 3 4 5 6
) WAVELENGTIH (i) WAVELENGTH (u)

FICTRF 5-19 ARSOI UTE SPECTRAT RESPONSE OF FICTRYE 5-26. ABSOLUTE SPECTRAL RESPONSE OF
EVAPORATED Phse CELLS at s0V K HEMICALLY UEPOSITEDD PhSe CELLS AT 300”7 K.
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> .
<
1]
-3
1
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< .
»
g
&
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D#* (3, 90, 1) (cm -cpsllz-wut'l)
)
-
=
S TUTYI BN N R St

10

—
o.
-

e il

5 8
19" 3 10 Average Value
] of i3 Cells
—1
-y
L T T T T T L 1 T 1 . T T
2 4 6 8 10 2 4 ] 8 10
WAVELENGTH (u) WAVELENGTH (1)
FIGURE 5-21, ABSOLUTE SPECTRAL RESPONSE FIGURE 5-22. ABSOLUTE SPECTRAL RESPONSE
OF CHEMICALLY DEPOSITED PbSc CELLS AT 80°K OF EVAPORATED PbSe CELLS AT 300°K

a saw-tooth configuration of the response curve. The data used in this sectinn are those reported by ..
NOLC after 1956.

Figure 5-19 presenis the results from these calculations or six cells of the evaporated PbSe
liquid-nitrogen-cooled type along with the theoretical iimit of detcctivity. The results are quite ifiter- .
esting, The striking feature is the lack of iong-wavelength response. The intrinsic band gap at 80°K

15 abiout 0.18 ev. which indicates & long-wavelength threshold of about 7 . In Figure 5-13 the long-

wavelength threshold is 4 & .- A probable explanation [ov tius discrepency is that these evaporated
f1imsg are preparcd extremely thin to provide a high signal-to-noise level, and,as a result, these thin

cells transmit the radiation beyond 4.6 1. Fxperimental work at Fastman Kodax cunfirms this depend-

CHCY. owever. IQicAtons arce that the problem is much more complex (Reference 5-46j,

100 CONFIDENTIAL




oy t

RRESE

4

v . VRN
e S R

i

“—iﬁ%mﬁiﬂl_ﬂ

' CONFIDENTIAL

. P Fr- L . . . . .
Institute of Science ond Te WoIGay The University <f Michigan

Figure 5-2: preserts the vresuits irom 23 cells of the ligwid-nitrogen-cooled chemically depcsited
type. FEere, the departure of peak D* from the theoretizal limit is larger than that observed.in the
provicus Igui:, cut th long-wa'velength itmit occurs at a wavelength of about § u, in cottrast to the

Vimit nf 4.8 1 evhihited by their coaporated coudterpasts.

The results for room-tempergture chemically deposited and room:.-temperature evaporited Pbs:e_a
detectors are presented in Figures 5-20 and 5-22, Here we see again a difference in the long-wave-
length Llimit of response.

It 1“5 interesting to ubserve the progress which was made over the years (since 1951) in the de-
velopment of thesa detectors. A plot .of ali-the datg reported by NOLC in that time interval is pre- .
senﬁﬁ'ed in Figure 5-23. Each point represents the peak D* value for one detcotor and iis vintage.
Although the data points are highly scattered, it seems apparent that liguid-nitrogen-cooled, chem-
ically deposited cells have not shown much improvement in peak D* (however, improvement has been
made iu ithe way of reduced aging effects, higher productior; yields, etc.). The same comment might

be made regarding room-temperature evaporated cells. However, it should be pointed out that the

- gpestral response in the case of early, uncooled, evaporated ceils was similar to that in Figure 5-24,

where the peak D* occurs somewhere in the spectral region below 1 u, and so the peak D* value
_nlo':t!ed for these early years must be used with care. '

On the other hand, uncooled chemically deposited cells and liquid-nitrogen-cooled evaporated

“cells have been improvedq, as indicated in Figure 5-24,

Detecters with limited fields of view (employing cooled shields) are avallable from Santa
Barbara Research Center. The effect of limiting the field of vlew:is:;t& !‘mcrease the D* value as
described in Chapters 3 and 4. The amount of increase depends on\botl; “the amount of change in
field of view and on the percentage of the total detector noise which is caused by random: fluctuations
m photon arrival. At high chopping frequencies (about 1000 cps} ard at liquid-uitrogen temperatures,
the Phse détector is limited mainly by gene;ﬁ%lon-recombmauon noise, with the majority of this
G-R noise bemyg caused by the background i:'lr'radiance. The relationship of D*(500°K,—, 1) to the

detector field of view is presented in Figure 5-25.

Receently SBRC has announced the development of a dry-ice-cooled PbSe cell which has 4 peak
detectivity comparable to the liquid-nitrogen-cooled cell. The cutoff wavelength of this detectur 1s
choarter than that of the Luuid sitivges cell due W ilie b vadenilg O the VANd gap with 1ncreasea
temprratare. Tho ary-ace cil cuts off at about 5 2, while the hquid-nitrogen cell has o detectivity
exterding tn 6.2 . Several of thess dry-ice-covied celis have been measured at Syracuse University

(Referense 5470 The seanltire woov otrgl rosprsn in Figure 5-20.
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FIGURE 5-26. D* FOR A 6-p LONG-WAVELENGTH -

CUTOFF BACKGROUND-LIMITED PHOTOCONDUC-

TIVE DETECTOR AS A FUNCTION OF THE FIELD
OF VIEW

IRI has increased the liquid-nitrogen PPbSe response for wavelengths shorter than two microns.

However, the details of how this was done were not available at the time of this writing. Figure 5-27

presents the D(A, 90, 1) for two such cells.

The manufacturers of PbSe detectors are listed be iow.

U. S. Manutacturers

—

. Avion Electronies Division, ACF Industries,
Y
FYH Y

2. Eastman Kodak Company

3. Infrared Industrics, Inc,

a

Librascope, Inc.

5. Sditta Barvara Besearci Center

ONFIDENTIAL
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:L.

Foreign Manufacturers

Adiniralty Research Laboratory

Societe Anonyme de Telecomimunications
Mullard Electronic Products,; 1.1d.

The Plessey Company

Rava] Radar Farablishinont
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' B i
5.2.3. LEAD TELLURIDE. Lead telluride is found in nature in the form of sinall single crystals
'

2]

alled altaite. These natural crystals have a white appeax:a.nce, a cubic (sodium chloride) structure
(page 546 of Reference 5-33}, a density'of 8.16 g/cc, and a melting point of 812°C.

5.2.2,1. Absorption. The infrarcd absorption spectruiu of iead ielluride has been determined
by Gibson (Reference 5-48) and Scanlon and Lieberman (References 5-18, 5-49, and 5-50), The re-

sults of these easurements are presented in Figute 5-28. ’I‘hese data indicate a long-wavelength

absérptmn'edge for room-temperature, dry-ice, and liquid-nitrogen detectors of 4 u, 4.6 u, and

5.4 ;1. respectively.

The long-wavelength limit of photoconductivity in polycrystalline films and of photovoltaic re-

" sponse in single crystal p-r: junctions (References 5-18, 5-49, and 5-5(;‘,) (Figure 5-29) coincides wéll

with the position of the absorpaon edge measured in single erystals. This indicates that these mech-

anisins involve main- band transitions (1. e., electrons with energy levels in the valence absoru ihe
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photon enérgy and conueguently maie transitions directly to the coaductior. band, leaving a hole in
the valence band and a iree electron in the conducticn band).

5.2.3.2. Refractive Index. The refractive index obtained for surfaces with dufferent polish has
been_'ire;iorted by Avery (Reference 5-46). It was found *o vary from about 4.1 to 5.2 in the region of
1.6 fo 2.0 u, and from 5.2 10 5.3 in the. reéion of 2.0 to 3.5 u. Avery also reported the real and
imaginary parts of the dielectric constant in the same article.

5.2.3.3. Resistance. Detectcre made from this material have dark resistances which are much
higher than their PbS and PbSe counterparis. Liquid-nitrogen-cooled PbTe cells have resistances
of 50 to 100 megohms for square configurations. Room-temperature PbTe exhibits resistances of
around 0.1 tlo 10 mehohms; however, these detecfors are seldom used due to the serious cegradation
in P*. Various geometrical cunfigurations such as those described in Secrion 5,2.1 arc 2i3o poseiuiv
with this material. In fact, to keep the cell resistance at a minimum, detectors are sometimes con-
structed in an annular shape with the electrodes located at the center and outer regions of the annulus.

T'ms confrruration leads t6 an {0 % ratio that 1s smaller than the one 1n the square-area cells. and

therctore 4 smaller resistance value results.
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The resistance is also a function of the level of buckground irradiance, since R = f/owd and

¢ - neq, where n e Hy o therefore, R o 1/’H.__b. Fimire 5-30 presents the relation hetween these
.5 Rt : v "
parameters. The measurements were made by Molitdr et al. (References 5-2 to 5-5) using 3 PuTe

A tectars manafactured by Farnzwarth Flectronics Company iiow [T T Labuiaiories).

5.2.3.4. Noise. The noise spectrum of PbTe has a 1/f component which dominates at frequencies
up to- 6 x 103 ¢ps, as indicated in Figure 5-31. Beyond thi.ls frequency, generation-recombination
] noise is the dominant noise component out to the region wt;ere Johnson ncise becumes significant.
f Due to the short time constant in PbTe (compared to' PbS), the radiation may be chopped at a higher
1 : frequency in order to reduce the noige and stil! operate in a region of maximum response. Chopping

frequencies uf 2800-1000 cps are common. A decrease in noise voitage by a factor of 3 would result

~ 1¢0 100 m
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in an increase of detectivity by the same factor, since
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Therefore,
v~ =NV \
YA VAL Yy s
D* = (—-————— H rasl
\ P, Y f
X i\ n/

The noise is aiso & function of the level of hackground ragiation atrilki ing the detector surface.
Moittor et ai. have measured the dependence of noise upon background radiation at a chopping fre-

guency of 50 ¢ps fur 3 Farnsworth cells. The results are presented in Figure 5-32,

TucSc data indicate that the noise level i8 constant with background irradiance until about
2 x 167 effective .mu/cm2 are recexved at the ﬁetector from the background. The term effective

implies an irradiance determined by considering only those photons which are energetic enough to

‘cause electron transitions in the detector, -

5.2.3.5. Relative Response; The reclative response of lead teliuride has the configuration shown
in Figure 3-33. The response can, however, deviste radically from that shown in ihe figure. For

example, if the sensitive films are very thin, the longer-wavelength photors will pass through the ~

fiim without being absorbed and thereby cause the lbng-wavelength limit to occur at a wavelength
shorter than 5.5u. If the films are overoxydized one finds 2 characteristic peak in the responsivity
curve af about 1. Su.
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5.2.3.6. Detectivity. Development of the PbTe ceil was initiaied by the Germans during the

Second World War. In this country. Svracuse University, among others, hegan working on this mate-

vial fon nfrared detection purposes aroand the latter part of {848 This work centinued for around

ter. vears, and, during tnat time interval, several hundred cells have been constructed, tested, and
In the last eight years, the cell test facility, NOLC, has reported the character-

reported by Syracus
istics of 28 PeTe detectors from various manufacturers. All of these latter cells are presentediin

Table 5-4. The manufacturer, regont reference, and all the pertinent parameters are included. As
indicated in the table, most ol these data ard quite old; consequently a statistical treatment of them

would have little significance.

A staustical'study of the data reported by Syracuse University since 1855 has beea made. The
study was carried out in a sliguily dilierent manner than in the cases of PbS and PbSe. Since
Syracuse reported their Aata at two chopping frequencies (50 cps and 800-cps), a study was made for

. i

each frequency. . :
i

¢

MEF {A, 50 cps, i) was Diotted as a functicn of cell area (Figure 5-34). Each point represents a
. A

detector.
\ i
; 6
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ors oas be obrained from this chart. They are: the area dependence of

she NF P, tha latitude in ceil area. [ne average vaiue of D%, aud the best cell reporied in that time

wtorval. The area dependence ol the NEP “Apk’ 90 c¢ps, 1) was deternuned by.,sssuming the expres—

it N G n n
NEP = KA
wiicie K 15 a pioporiionality constant, n 3o the slope of the lcast sguare bost {it linc through the data
. points, and A is the cell area. The calculated value of n is 0.53 (Reference 5-51) for 3G-cps chopping
2

frequency, which is in good agreement with the assumed square-root relationship. At the i-cm
equal-area line, the D* ()\pk’ 90, 1) scale was drawn so that one can see the average value of D* by

ncting the intersection of the best-fit line with this axis, The dashed lines in Figure 5-34 are located
one standard deviation from the best-fit line. The highest D* ('\pk’ 90, 1) value of the entire 83 cells

is 4 x10° e cpéi/z-wztttql. 4

5

The NEP's of most of the cells shown in Figurr'_; 5. 34 were also determined for a 800 -cps chop-

"'-»:-‘- Yol 006 (A - 0,48}, averuge’ D* {a

pinig frequency. These data ave s : bt
800, 1), standard deviation and best D* value are presented Today s produc fon D‘{Apk; 900, 1)
value is included along with the L* value of a selecte\‘{‘_ cell (Reference 5-14) for comparison.. The

theoretical limit is included to give sume idea of the state of the art of PbTe.
Manufacturers of PbTe detectors arc listed below.

U. S. Manufacturers Foi-eign Manufacturers

—

Societe Anonyme de Telecommunica-
tions

Z. Muilard Electronics Products, Ltd.

1. Electrorics Cerporation of America
- 2. ITT Laboratories

3. Minneapolis-Honeywell Regulator

Company “ .
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5.3.1. INTRODUCTION. Germanium is ar element w group iV o? the perisdic iable. It crysiailizes
w the diamond structure, each atom havirig 4 nearest neighbors. Since each atom has 4 vajence elec-
trons, covalent bonds are formed beiween ¢ach atom and its 4 nearest aeighbors. The element was
first studied extensively during World War II, when a germanium rectifier with high-peak inverse
voltage was develeped. Advances were made rapidly, since the element is not only chemically simple,
but alsc because it appeared to have considerable practical value. Much of the early research was

performed at Purdue University and at the Bell Telephone Laboratories.

The raw material is obtained from the flue dusts and slag of zinc and lead mining. It is first

crudely refined, then converted to volatile GeCl 4 and fractionally .distilled to separate other chlorides.

The chloride is converted to pure Geo2 by hydrolysis. G‘eO2 is then reduced to Ge in a hydrogen fur~
nace. Germanium so produced is further puiified by zone refining, a technique whereby successive
sections of a yesmaniuni bar are heated abuve the meliing point. impucrities which prefer to remain
in the meit are pushed to one extremity of the bar, th- section which solidifies last. By removing
this region and repeating the technique several times, impurities which may be detected by electrical
measurements can be reduced to fewer than 1 in 1010. Cermanium so purified is polycrystalline.
Single crystals miay be cbiained by the zone-leveling technique (Reference 5-52) or the Czochralski

puliing techmique (Reterence 5-53).,

The zone-levelne techique requires that a single -crystal seed be placed next to the polycrystal-
hine bar. The region ncarest the seed is then melted. By moving the source of heat slowiir away from
the seed, tic muollen ceve solidifies, while adjoining regions begin to melt. As each region solidifies
it becomes part of the ~mele erystal which has its origin ai the seed. In the pulling tecﬁnique a single-
crystal soeod s lnersed nto e moiten germanium very close to ats freezing point. Upon siow with-

drawal of the seed trom the melt, germanium adhering to the seed forms a single crystal.

Incats e sUisnine daaium s mitrinsic at room temperatare id has a resistuvity of 47 ohm-em

o carieoo o~ ace electrons i the conduction sund ana holes 1 the valence band, These

are praduce d when Lo oratons free an electron from the Ge-Ge bond, leaving behind a positive

Cav whine! R Viernative v dres Boles and clectr sl B pac b od wie noincadent
photons of a0 o0 Comteract with the erystal. Figure 5% Helers noes 5-54 und 5-55)
. | 1TSS : Pahen electrodis are excred acy st et cahoLee and conduc -
n l'.n:ui:. P dad Hall Roterence 52561 Shomed 1o 1o o en e '-z';)txonrcould
e o anatian A ead el o e - L o +ricald transition)
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is one in which enerygy and momentum are conserved between electron and absorbed nhoton: and irdi-
rect (nomvectical) transition 15 defined as one in which an eleciron absorbs a photon and undergaes a
change inits L secior, mumentm being conserved by the absorption or emission o7 a phonon by
mteraeten with e Witiee, The high-absorpuon region to point A in Figure 5-36 is due to direct
transitions: the absorption region hetween points A and B is due to indirect transitions.

tha bon

In addition io the fundamental absorption, photons may be absorbed in p-type matarial by the (155
sitsups o1 noles between various bands composing the valence band (References 5-57 and 5-58). The
iup uf the vaience band consists of 2 bands, degenerate at k = 0 (X = electron wavenumber vector),
with a third band split off by spin orbit coupling. Figure 5-37 (Reference 5-59 to 5-61) shows the ab-
sorption spectra of a typical p-type Ge sample at several temperatures. The absorption bands in the
4-;: regions arise from transitions between bands 1 and 2 and the third band. The band starting at

10 ;1 arises from transitions between the upper two bands.

3
< 1003
- :
3 -
‘ 2]
e =
z 103 -
5 ] - — 300°K
e 1. g . --=-77%K
o 107 7 2 Y
L]
8} ~ [ LA comna 5OK
z oS
3 0—| i 1007 AN
— 5 .
Z 107 U \ .
e - K E
& = 40 :
a i = ;
S ] 8 E
R O i
7] — \ -4 R r
2 E i 2 R k
1072 8 & 10 A M
] | x ! R
i o) R
- w0 i) ko .
i = 3 Ew b
- >_/r T < 1 T T T
1.0 1.5 2.0 50 2 i0 o 2
WAVELENGTH (,.) WAVELENGTH (1) ]
|
FIGURE "= ABSORPYION SPECTRUM IN FIGURE 5-47, ASORPTION COEFFI- i
PURE Ge CIENT IN In-DOPED p-TYPE Ge
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Puotons may be absorbed not only by elet*rons and holes, but they may aiso be absorbed by the
ervatal lattice. This leaus to the abszorption spectrtim shewn in Figure 5-38 (References 5-62 and

nh

& _onh
JTLuje

The addition of 1x;:§:ux~xties 1o Ge prgauces a drastic change in eieciyical properties, The addition
cigroup ¥ impunrtges iSb, As, stc.) leads to n-type cbnduc&ivxty; the addition ot group Il impurities
to p-type conductivity. When a group V impu;‘ity is added, an element with 5 valence electrons re-
places Ge at a regular lé.ttice position. Four of the 5 electrons form covalent bonds with adjoining Ge »
atoms. The {ifth ‘'ectron moves in a Bohr=iike o:bit, bound to the impurity element by the excess
charge of its nucleus. A group I impurity when substituted for 4 Ge atom is abie to compivie only
3 of the 4 covaient bonds demanded by the Ge lattice. The {ourth bond is completed by an electron
from a nearby Ge atom. This leaves a pdsitxve hole bound to the impurity, moving in a Bohr-like orbit
about the impu: ‘ty. The energy to free the hole from the group HI impurity or the electron from the
group V impurity is given bv. an expression similar to that used in the calculation of the ionization

potential ot the hydrogen atoni:
2 2m" e4

s

where m* is the effective mass of electron or hole, e is the electronic charge, h is Planck's constant,

E

and K is the dielectric constant of Ge { 16.1). E turns out to be about 0.01 ev, a valuc in good al'grce-
ment with experimental results (Reference 5-64), Inn v!ew;_, of this small activation energy, group III
and group V impurities are completely ionizeu atl room temperature. Electrons and holes are bound

to their impurities only in the liquid -helium temperature region.

The use of Ge with impurities as an infrared detector was first suggested by BDurstein (Re’:rerice
5-65), While the energy required to free holes and electrons from a cqvalent bond is about 0.75 ev
and leads to a response to only 1.84, the response obtained by freeing charge carriers from group il
or group V impurities would be expected to give a response to about 120 u. Because of the extremcly
low temperature required to prevent ionizaiion of these impurities by littice vibraticns, a search has
been conducted for impurities with greater activation energies. The effect of gold in Ge was reported
by Dunlhp (Referencés ?-66 to 5-68) ac well as Mortion, Hahn, and Schultz (Reference 5-69); Because
of the success achieved with gold-doped germanium, detectors have been constructed with manv other

2

mmpurities. Figure 5-39 shows a summary ot the energy levels of various lnpurities in germaniam,

For a toview articic on unpuriiies i Ge see Reference - 70,
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FIGURE 3-39, FNERGY LEVEI. DIAGRAM FOR IMPURITY ATOMS
IN Ge

N

Of particular 1nterest are impurities with energy levels of about 0.1 ev or less: since detectors con-

structed {rom these materials have a long wavelength response extending throuyh the 9- to 13-u

atmospheric window where no intrinsic detector material is currently available.

been constructed irom Ge:7n, Ge:Cu, Ge:Cd, and Ge:Hg. in addition to Ge:Au.

Detectors have nowvs

5.3.2. PHYSICAL PARAMETERS OF IMPURITY-ACTIVATED GERMANIUM DETECTORS. In its

appheatton, a Ge-impuerity detecu.r s placed wn a circuit containing also a load resistance and a bias

batiery  When photons with energy sufficient tc free charge carriers (either electrons or hwies) frem
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the impurities are incident upen the material, the resistance of the photoconductor decreases and the ,
voltage acruss the load resistor increases. After the radiation is removed, the resistance of the
photoconductor beging to inerease again and reaches its original value when all the charge carriers

have been captured by recombination centers, the »yme o1 similar impurities from which they were

originally excited. The generail phvsicai principals governing the behavior of Ge detectors with various .

umpurities are sinnlar; only specific details are diffevent and depend upun the type of impurity used.

5.3.2.1. Speciral Response.  The spectral response consists of two regions. The region of intrinsic

response with a peak at 1.5 4 and 2 threshold at 1.8 is the same for all germanium detectors. The
long-wavelength response to 6u for the Ge:Aull detector, to 9 u for the Ge:Aul, to 14 u for the Ge:Hg
detector, to 154 for Ge:Znll, to 22 u for Ge:Cd, to 30 u for Ge:Cu, and 40 u for Ge:Znl is characteristic
of thg type of impurity used and the particular energy level of the impurity from which charge carriers
are excited. The relative magnitudes of the peaks of inirinsic and impurity respc 1se depend on the
drtector preparation and construction, In certain applications, the intrinsic peak is suppressed; in

others, it is merely adjusted ic the desired magnitude relative to the peuk in the impurity response.

5.3.2.2. Time Constant. The time constant of the detectors in the impurity response region is

given by V

r=1/ NDZZu
where ND represents the density of recombination centers, & their capiure cross section, and u the
thermal velocity of the charge carriers. Only ND may be varied during the manufacture of the detec-
tor. T and its tempercture dependence are characteristic of the particular {ype of impurity used.
Time constants less than 1 usec are always obtained from Ge:Aul, Ge:2n, and Ge:Cu detectors., Ge:
Aull (6-u) detectors ha';g//been constructed with time constants varying between 20 usec ard 2 msec.
In the intrinsic region, t;fne constants depend on the length of time it takes for holes and electrons to
recomhine ejther directly or by way of recombination centers, Since much of the intrinsic radiation
is abscrbed on the surface, the treatment of the surface plays an important rule., Vaiues Vvarying from
several psec to several hundred psec have been observed. Since the intrinsic response is generally

suppressed, no great emphasis need be placed on these time constants,

5.3.2.3. Signal. The voltage change, V_. produced when the detector with resistance rL‘ is ron-

nected in series with bias battery E and the load resistor r_ and is exposed to radiation, is given by:

L
E'rCrL ARC ErﬁrL .
v, S (5-1)
re » rL) ¢ (e 1) ’
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where Ar_ 18 the change in detector resistance, and AN the change in the number ot free charge car-

ree number of charge car

d by e radation and 7 represents the time thev remain iree. N, the

riers where nu signdl raaiation is incident on ihe detector, is composed of two components: NTH’
. B those charge

vharpe carrigrs which have been ireed by vibrations of the crystal lattice, and N
carriers freed by background radiation. Under ideal operating conditions, N,y should be considerably

smaller than N_ . This
B B

Ris 5 accuwplished by cooling the detector. The coolant temperature should be

such that XT << Ei’ ‘the impurity activation energy. In generai_. it has been found that kT =he

&2 i
less than i/ 30 o1 the activation energy (k represents the Boltzmann consiant -— 1,38 x 10'?3 jot]iles/i
°k. N_, # ‘

B the number of charge carriers produced by batkground radiation, {s determined by the
amount and temperature of the background. N

B may be most conveniently reduced by surrounding
the photoconductive element by a cooled radiation shield whose aperture is determined by the fir'd of

view required in the application of the detector. It must be noted, however, that a reduction in ..
froquently requires {urther cooling of the detecter if the condition NTH << NB is to be satisfied.
When the radiation incident on the detector is modulated sinusoidally, the signal voltage varies as :
1 {

411-(411-'7

For detectors with time constants cf the order of XO"8 second, modulating frequexicles to 1 mc produce

no variation in signal. In general, the distributed capacitance of the detector and associated circuits
cannot be reduced below 20 uid, Thus if full use is to be made of the short detector time coﬂstang

’ load resistors below 1000 chms must be used. As may be seen from Equation 5-1, suck a }ow value
reqixires that the bias supply voltage E must be made larger if the signal is not to be so small that it
is masked by the noise inherent in the succecding amplifier, In general, the signal varies linearly

i with applied bigs voltage, The maximum value of E which may be applied across the detector depends
upon its construction and the tvpe and quality of coiilacis which are made to the sensiiive element.

Maximur bias currents are specified for each detector. Values larger than 100 amp are fouad only

in the best detectors aid are not common, When the maximum specified current value is exceeded,

the detector noise increases sup?rlir.egiiy without, however, damaging the detector. A reduction in

bias current to its maximum pérmissible value restores the original characteristics of the detector.

5.3.2.4. Detector Noise. The noise spectrum of a typical detector is shown in Figure 5-40. It has

two components: 1.f noise and noise due to fluctuations in generation and recombination of charge

carriers (Reference 5-71). As thc name implies, 1-'{ noise 1s a ncise whose power varies inversely
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FIGURE 5-40. NOISE SPECTRUM OF p-TYPE Au-DOPED Ge
AT 77°%L

with frequency; it is predominant at Jow frequencies. It is not an inherent property of the detector

material but depends on the techniques which are used in the construction of the contacts and the sur-
face of the detector (Reference 5-72). In certain weli-constructed detectors, the 1/ noise spectrum can
usuaily be made negligible abuve 30 ¢cps. Noise due tc; fluctuations in charge-carrier generation and

to the recombination rate i8 important from 160 ¢ps to whers Johnson noise becumes dominant.

5.5.2.5. Detectivity. Since both signal and noise have the same frequency dependen.e in the region
where 1/{ noise is negligible, D* is {requency invariant. Since, furthermore, the bias voltage enters

in the same manner in both equations, the detectivity is gene-ally constant until the optimum bias

" voltage has been exceeded. Above that point, the detectivity decreases rapidly with increasing kias

voltage, since signal increases sublinearly ana noise superlinearly. Under ideal crnditions the detec-
tor is operated at a temperature where it is backgrourid-limited. If it is assumed that one charge
carrier is liberated by each photon incident on the detcctor, both the detectivity when the detector is
exposed to blackbody radiation and also the defectivity at speciral peak may be calculated, The delec-
tivity D* { T for a blackbody at teraperature T is found by substituting Equations 5-1 and 3-50 in the
defining equation far D*

2,-1/2 -1

S 1/ ;
=<(af)”" TA H

D‘N s

where At is the bandwidth <f the amplifying system, A the detector'area, and Hq the incident power.
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One cais then obtain

D*(T) = QB‘I" 2Qs_/ 2H_

where Q_ represents the signal photon flux and QB the background photon flux, Since at a particular
3 _ 4
waveienth,

H =Q be
s -

where h is Plank’s constant and c 1s the velocity of light,

-2,
D*, -QB (2hc/A) | .

Figure 5-41 shows the variation of D* af spectral peak for photoconductive detectors as a function
of long-wavelength threshsld of the delector, if a 300°K background at a 180° angular field of view is
assumed.* The variation of detectivity with angular field of view is given in Figure

5.43,
12.
1x10
LT E 8
= 4
g \
o
— 2]
0
Q.
) -
g 1 9
& w10 : ;i
o~ 6 / -
7 \—/
24
2 T “—I )] LI k] ¥ 1 s T T T T T T T
2 ¢ 6 810 20 40 30 40 60 80 100 120 140 180 180
WAVELENGTH (1)

6 (degrees)
IGURE »~11, PEAK 1)* V5, LONG-WAVELENGTH CUT-
‘OK BACKGROUND-LIMITED DETECTORS. Fieid of

vicw = 180°; background temparaiare = 366K,

A

FIGURE 5-42, VARIATION OF D* WiTH ACCEPT-

ANCE ANGLE
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Foar a detailed discussion see Reference 5-73,
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5.3.3, DETECTOR CONSTHUCTION. All nresently available

cooling. The detector envelope is therefore designed to permit t iguid nitrogen ur 4 mini-

cooler for detectors with a spectral respense extending o 2, and Liquid hydrugen or helium for longer-

wavelength deteclors. A single dewar construction is generally sufficient for detectors cooled to

liquid-nitrogen temperature. The dewar is constructed from either glass or metal. The type of win- '

dow is determined by the spectral response of the sensitive material, The window is either &

scldered. to the cell envelope for best results, Tl_ié Ge sample is generally cut from a large single

crystal to which the desired impurity is added during the erystal-growing process. In certzin cases,
ure Ge is cut into sections of the desired dimension and the impurity is then diffused into the Ge
section. Section':‘; as large as 5 x 5 x 5 mm and as small as 0.2 x 1 x 1 mm have been used as sensitive -
elements foi;" detectors. These sections are generaily mounted in an integration chamber which s.rves”
a dual purpose. It lmits @e amount of background radiation which the sensitive eiement ‘‘gees,'’ and
it serves to reflect onto the sample radiation which has not been absorbed during the initial passage
through the sample. The integration chamber is attached directly to the chamber containing the coolant,

Thus the sensitive element and the integration champsy reach the temperature of the coolant.

Two leads are generally provided. In the c#se of metal envelopes; the envelope may replace one {
of the leads. The detectors are evacuated to pressures of less than 10--6 mm of mercury and gettered
where necessary. Figures 5-43 and 5-44 show several perticular types of detector construction.
Modifications in gize and shape of the detector envelope are possible and depend upen the particuiar
application and the method for cooling. Dewar dimensions vary from 1 x 1/2 inch to 5 x 2 inches and
larger. Double dewars-ds large as 5 x 20 inches have been constructed. The area of the sensitive

element is determined"'&y the size of the Ge sample and the size of the aperture in the radiation shield.
Areas as small as 0,002 cfnz and as large as 1 cm2 have baen nprepared

L

. Eatremes in delecior areas,
either very large or very small, lead to detectors whose D* is generally not as high as medium values
of area (such as 0.04 cmz).

5.3.4. DETECTOR CHARACTERISTICS: Ge:Au®

5.3.4.1. General. Ge:Au detectors are available in two forms, depending on which energy level of
Au 1n Ge 15 used. When Au is the only majnr impurity in Ge, holes which are bound to the Au atoms at
iCicitly i;,w-;pxrnperamres may be freed by incident photons with a resulting increase in conduc-

tivity. The photon energy required 1> 0.14 ev, resulting in a detector with a lnng wavelength threshold

*¥or a detailed discussion of the effect of Au in Ge see Reference 5-55.
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rIGURE 5-43. Ge.TDETECTOR ASSEMBLY FIGURE 5-44. DOUBLE DEWAR FLASK

at 9 When an electron donor impurity such as Sb is agdded to the Ge which already contains Au,

electrons from the onor atoms will neutralize the positive holes until, when Sb and Au concentrations
are equal, ail holes are neutralized, and the photoconductivity to 9 u disappears. ‘Further addition of

Sb provides an additional electren for each Au atom, The énergy required to free ihis electron is 0.2
ev, leading to a detector with a long-wavelength threshold at 6 u,

5.3.4.2. The §-u Ge:Au Detector {n-type Ge:Auj. The speciral respoiise of this detector is shown
in Figures 5-45 and 5-46. It is compcsed of three regions: the response below 1.8 is the respoﬁse of
pure Ge: the response beyond 2.5 is due to electron excitation from the 0.2-ev gold level; and the
_‘sponse between 158 and 2.5 u is due to the excitation of holes and electrons from the various Au
energy levels, The loial response curve has a peak in the intrinsic region at 1.5 u, and no pronounced
secondary peak. The speed of response depends on the wavelength of the incident radiation. From

2.5 to the spectral cutoif, average detectors have time constants on the order of 50 nsec. However,

time constants as Jonr 2¢ 1 mseee have Léen vuserved In some detectors. These time constants are

. e o
ten:perature-sensitive. decreasing as the temperature rises above 18 K. Figure 5-47 shows the var-

1atian of time constants with temperuure for several detectors. Between 1.8 and 2.5 no definite

tune constant may be defined. In that region, various transitions of charge carriers between eaergy
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levels anu conduction and valenee hande lead {5 gucac

iz phenomena, The response time of the
detecior depends on the intensity of the incident sigral, and. under certain conditions, illumination

uf the detector may lead to an increase instead of a decrease in resistance, If these eifects are ob-
iectionable {n actual use. the detector should be provided with a filter which eliminates the”spectral
region beiow 2.5;1. It is because of these effects that these detectors are more suitable for qualita-
tive rather than quantitative work. Vvailues of D* (500, 900, 1 cps) are in tne vicinity of 2 x 109

cm »c;)sl'/z . wati-l,. A histogram of the D* values of a number of detectors is given in Figure 5-48.
The detector 1s characterized by extremely large signal and noise values at operating bias currents,
and is therefore useful in devices whose nnise cannol be reduced sulficiently to uallow use of detectors
which have greater D* vut lower signal and noise voltages. Signal and noise variations with frenuency
101 GtV al dete clor are shown 1n Figure 5-49. Beyond 500 cps both signal and noise have the sare
irequency dependence.,

D* thus stavs constant with increasing frequency. Delow abuut 500 ¢ps. {0t

nouse becomes increasmgly pronounced. while the signal changes only slightly. D* lhus decreases
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iol hewer lrequencies. Deteclor resistances vary between | and 40 megonms, depending on the dimen-
siuils and preparaiivn vi the sample and the amount oi sackground radiation the sensitive element
vspes T Parameters of D* | resistance, time coastant, etc.. which have been reported in tlu‘:: literature
are listed in Table 5-5. The detectors are provided with a sapphire window. although «oated silicon
Wihdows adv Qewdidule. The Ge saliiPic is D.’e&d!'(‘d LV addmg b'tiwth gold and antimony during the crystal
Bl uwiii process. Crystals are then cut into slices of the desired dimensinn and mounted in a dewar
envelope. Cuntalis arc suidesred i tie sampiv wire beiore or aiter mounting. ine s~nsitive element
is frequent!y embedaed in sulfur to improve its stability. The dewar is evacuated to a pressure lower
than 10-6 mm of Hg. A low pressure is desirable to prevent frosting of the detector window and to
permit longer storage of the coolant. It is not essential for the actual operation of the detector ele-
ment, and no l0ss in sensitivity is experienced when the element is exposed to atmospheric pressuie

and then re-evacuated. The only supplier for this type of detector is the Philco Corporation.

5.3.4.3. The 9-u Ge:Au Detector {p-type Ge:Au). In contrast to the 8- Ge:Au detector, the 9-u

detcctor has well-behaved characteristics. The spectral response is shown in Figures 5-45 and

superimposed cn the response due to excitation of holes from the gold centers. This response has a
peak in the vicinity of 5. Time constants in the spectral region beyond 1.8 are less than 0.1 usec,

as may be scen from the expression

L1
" ntu

where n is the density uf centers which capture charge carriers, > is the capture cross seci’on of

these centers, and u is the thermal velocity of the charge carriers. u = 107 cm/sec, £. unusually
-13 13 .

. . . 2 . —
large in this case, is 10 em” . n is generally larger than 107" centers/ cc. This gives a value of

= 0.1 usec. Since it is not practical to reduce n below 1013 centers/ cc, no larger value of T may be
‘E\'mtemplated T can, of course, be reduced by increasing the number of capturing centers, a matter
which can be accomplisheéd during the cyrstal growth process by the addition of Sb, whuse donor elec-
trons, When.tmpped by Au atoms, act to capture free holes. The Sb concentration, however, is gen-

erally held considerably lower than that of Au (1, 10 or'less).

The 9-u Ge:Au detectors are generally nperated at TR%K heeause i the ready avalemity ot
. . e i 9 172 -1
liguid nitrogen. At that temperature the average detectivity is 3 x 10” cm - cps -watt . Detectors

with values ot D* ranging between 1(‘9 and 6 x 1010 are commercially available. A histogr. m of the

5 . . . = o= : '
D* values oi a number ot detectors is given in Figure 5-5G. Ii the detector 1s cooled to 60 K, the
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FIGURE 5-50. HISTOGRAM OF D* VALUES FOR p-TYPE Ge:Au

temperature at which it becomes background-limited, D* may increase by as much as a factor of 4-
tvpe, the rato ot D*x . the detectivity at the 5-;1 spectral pealk, to D* (SOOOK), the blackbody detec-
tivity is identical tor all these detectors. It is approxunately 2.7. Large variations of D* with
temperature in the vicinity of its operating temperature (TSOK) ( Figure 5-51j require that special
caution be exercised in the construction of the detector in order to reduce fluctuations in D* with
variations in coolant temperature. Thus unless the thermal capacity of the detector mounting is suffi-
ciently large, fluctuations in coolant temperatures, such as are produced by the bubbling of liquid

nitrogen, will produce undesirable fluctuations in detector resistance and lead to noise.
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Becanse of the shert time constant. the detector signal is freguency-invarani v \\t least 1 me.

N.ii1se has 1. i and u-H noise components. Since fnr a well-constructed detector 1 { noise is negligible
dbuve 10U Lpn, D s vssenually frequency-invariant above 100 cps. Both signal and noise voltages '
varv linearly with bias current until the designated maximum current is reached. For well-constructed
detectors, this value may be as high as 100 amp. Values of the resistance. depending on sensitive-
eiemeni dimensions, coolant temperature, and single-crystal preparation vary irom 0.1 0 5 megohms.
Parameiers ot ¥, resistance, tin:te constant. etc.. which have been reparted in the literature, are
listed in Table 5-6. Sensitive elements are mounted in an integration chamber whcse aperture deter -
mines the detector size In ~ontrast to background limited deiectors. Ge:Au (p}, when operated at

78" K, shows only small increase in D* as the angular fieid of view is narrowed.

Detectors mounted in various shapes and *vpes of dewars are available from Philco, RCA,

Westinghouse, Raylheon, and SBRC.

SRS, DFTECTOR CHARACTERISTICS. Ge:Zan (Reierences 5-74 and 5-175)
5.3.5.1. General. When zinc is added to Ge during crystal growth, holes may be excited from the

0.n3-ev level ¢6 the valence band. This leads to a photoconductivc response with a long-wavelength
threshold at 40 u. Cooling to at least 107K is required to produce optiinum detectivity. If during
crystal growth donor atvms such as antimony are added to the melt, electrons from these donor atoms
will neutralize all holes if the number of donor atoms is exactly &jual to the number of zinc atoms in
the crystal. Holes may then be excited from a 0.09-ev level to the valence band. This detector hus a
spectral response extending to about 15 u ard may be operated at temperatures in the vicinity of 40 K.
Whila the 4J-u detecior (Ge:Znl) has been moduced and is at present in'use in several systems, the

P

15-,: Ge:2Znll detectur is still in the experﬂ'nental stage.

5.3.5.2. Ge:Zal (40-u) Detector. Figaure 5-4R shows the spectral response of the Ge. 7l { ZIP)

Ui

detecter currently available. A histogram of the D* values of a number of detectors is given in

Figure 5-52. Tius particular detector has a 60° angular field of view. Peak response occurs at

364, The structure in the spectral curve beyond 14 .. is due to absorption of phatons by the crystal
lattice, Measurements of ihe detecior time consianis indicaiwe vaiues less than 01 usec. Thus the -

sirnal s frequency-indepandent n the usciul operating 1auge ui ihe delector 11 precautions are taken

- to reduce c'rcuit time cons!ants. Detector noise is predeminantly of the 1/{ type up to 1000 cps.

The detector can thecefure be operated to great advantage at chopping frequencies beyond 1000 cps.

The detector has nonlinear resgistance characteristics when a bias voltage 1s applied. An average
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FIGURE 3-52. HISTOGRAM OF D* VALUES FOR
THE Ge:Znl DETECTOR

detector bas a resistance of about 2 megohms when an electric field of about 20 v/em is applied acruss
1t. As the tield 1s increased to 40 v, ¢m, the resistance begins to decrease rapidly with further
inervuase in applicd bias potentiai. _-Thi: drastic resistance decrease 15 due to imvact ionization., Both
signal and noise increases linearly to the puint where impact ionization takes place. While the delec -
tor can actually be used at higher bias voltage, optimum detectivity is obtained when €0 v/ cm is ap-
plied across the sample. Parameterg of D*, resigtance, time constant, etc., which have been reported
in the literature, are lListed in Table 5-7. The photosensitive sample is mounted in a double dewar,
such as that shown i~ Figure 5-44. Dewars of this type are a'yaﬂable from Hofiman Laboratories, The
Linde Company. and The Vacuum Barrier Corporation. The ininer chiamber holds 1 liter of liquid
helium. The outer chamber is cooled by liquid nilrugen. When so used, ,liq\iid helium may be main-
tained in the dewar for about 24 hours. In contrast to Ge:Au, where only about 1()15 gold atoms/ cc
may be )ncorpil)\ra',éd in the crystal, zinc may be added to concentrations of about 1016. This greater
density absorbs a higher [raction of the mcident radiation, thus making the use of an integration cham-
Ler less essential. The dewar is provided with a potassium bremide, window if the entire spectral
reémnse is desired. Appropriately coated Ge windows may be used if the response in certain spectrai
regions is to be erhanced or depressed. Detectors of this type have been manufactured by the Perkin-
Flmer Corporation.

e W

HAR/ 2 ¢ Ge:Cu. Copper is mosi conveniently ddded To Ge after ~

e

This s &cwomplished Dy cutung the Ge single crystal into elements of the

copper into the Ge by heating at temperatures slizhtly below the meltine point of Ge far <everal honrs,

TS pholons Wilh eavrgies gredaier man
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TAPLE 5-7. Zn-DOPED Ge
- TR it
= of s varg Biackbody Respouae - Taasi Cunoppang  Number Data
Pty Fioduction o Current  Resistance NEP ”l',z ., Comsmant  Frequency ot Source
~ mm” (ad) imerohms) fwatts foan - cps w fleey Celis
i 4 2 o adx10 4.9 x 10° ~i 400 3 i
ot i . P L:x10t? <1 400 1 i
L. Feae Doperuon: SR ZEP Dedectir. Report Number 5644, The Prrisn-Eluer Corp., Norwalk, Cona., April 1960 (UNCLASSIFIED).

0.04 ev will excite holes from the copper centers, preducing photoconductivity which extends to 30 1.
Since the heles are bound to Cu with an energy of only 0.04 ev, the detector elements mugt be cooled
1o such temperatures that lattice vibrations cannot free the charge carriers. Temperatures in the
icinity of 153%K are sufficient. Since the detector is stillin a stage of development, not much infor -
matioﬁ is ava-lable about specific characteristics. A histogt'am of the D* values of a2 number of
tectors 1s given 1n Figure 5-53. Time constants are tess than 1 usec, pozsibly considerably iess.
D, at 234, e apcc.ral peak, is approximately 3 x ‘.0m cm -cpsllzawatt -1 for a detector with a
¢0° angular field of view (Figure 5-46). 1/ noise seems to be negligible above 500 cps, and from
that point on to higher frequencies, ren

NUMBER OF CELI 5
T

il

o PR K LA

) ) | I ufﬁi -
- H o S L—‘nn
L— b . § 14 l_l
-1 T T T T 1 T
020406081012141618202224262830 o
D= x 10 cm - cns 2 . watt =
f:_!j - ' FIGURE 3-33. HISTOGRAM OF D* VALUES FOR THE Ge:Co DETECTOR
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~ “vated Gé defeclors {except the 6-u Ge:Au detector), i less than 1 usec. Detectors of this type in

imhivie of Scence and Technoiogy Tha University of Michiaoan

the mavimees noise oed the maximum signal-per-watt incident power. As in the case of the Ge:Zn

detector. :mpact 1onization determines the maximum bias voltage which may be applied. Since cooling

~

[

to

YK iz 1 3wnil 4. e Avs 3 TP sanoe: Yan sl fas anns
37K iz required r similar o that used for Ge:Zn may be used for mounting the

this or similar dewars are available commerciaily from Texas Instru-

ments Incorperated

............ jos A. Parameiers of D*, resistance,

time constant, ewc., which have been repurted in the literature, are listed in Table 5-8,

TABLE 5-8. Cu-DOPED Ge

Rlachbudy Pingn Sprcirai Peak
Late A Dark o Time Choppirg Number
of Cen 'A"‘ Currend Resistance o . Constant  Frequency of View Data
Abits Produc 1 Teuy - 1 B 12 -1 NEP 12 -1 . 13 Crils Angle Source
UK (mm"; (ua)  (nsegohms) (cm-cps -w ) (watis) tem-cpa -w ) {cpsj {cps} {deg}
T 2 59 42 37 1825 21 97 x l(lD 200 a3 oo 1
supe 5B PR T TV 12x10'0 64 10°° 1800 1 s 2
st FRY| 42 164 168 ool 29x10° . asxw0tf 18x 10" 1800 s s 2

1 % 1 Peyeo G RPruest. H D Adams and ! Stoan. “Infrared D:tector Bemearch and Devetcpment at 1exan instrumeais.” Bsye. iRip. ivbw, Vol. 8, No. 4,
P9y I CUNFIDENTIALY .

Private communication with Denatd Bede.

~

5.3.7. DETECTOR CHARACTERISTICS: Ge:Sb {Reference 5-78). Electrons mé.y be freed from Sb
atoms in Ge by a photon energy greater than 0.01 ev. This leads to detectors with a long-wavelength
threshold at about 130 4. While several experimental detectors of this type have been prepared, no
(:ommerrcial source presentlyzexist's.

! i

5.3.8. DETECTOR CHARACTERISTICS: Ge:Cd {Reference 5-77). The Ge:Cd detection was orig-
inally developed to fill the need for an 8-14 u detector which could be operated at liguid-hydrogen temi-
perature. 0Od is added during «rystal growth by passing cadmium vapor over tie molten Ge. The energy
required tu {ree charge carriers (holes) from the Cd atoms in the Ge lattice is 0.055 ev, giving a long-
wavelength cut{\ft‘ of the spectral response at about 22 4. Figure 5-54 shows the spectral responge of
a Ge:Cd detector, The detection requires cooling tu about 260}(; at SOOK the detectivity decreases by

£ s

a factor 2 (Figuie 5-51). The time consiant of this detecior, as for mosti of the other impurity-acti-

comunction with a liquid-bhydrogen-cooling system are available from the Ravtheon Manufacturing

Company.
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B Ge:Cd |
N
.
1010_ ;o F

I/,
e
v

D* (A, 900) (cm - cpsl 2. watt~?)

10% = (80° Angular Field
- of View)
» 4
i T LR l-l 17 T

] 30
WAVELENGTH (u)

FIGURE 5-54. ABSOLUTE SPECTRAL RESPONSE OF
EXPERIMENTAL Ge:Cd AND Ge:Hg DETECTORS

5.3.5.

DETECTOR CAARACTERISTICS: Ge:Hg (Tteference 5-78). The availability of liquid neon
and other cooling systeras which operate down {2 35°K have led to the development of the Ge:Hg detector

at Syracuse University. Mercury is introduced int[r‘) Ge during crystal growth by passing a strean of

hydrogen over mercury at a temperature of about 300°C. The hydrogen stream carries the Hg vapor

over the molten Ge ¥ ne. Preliminary measuremenis have indicaied mercury concentrations up to
14
5x10

atoms/cc in the grown Ge crystal. The energy required to free charge carriers from the
lower Hy level iy 0.086 ev. A spectral response of Ge:Hg is shown in Figure 5-54. Since only a few

¢rystals have been grown and mounted, considerable improvement may be expected when this detector

is more fully developed. The temperature required for cooling is 350 K. At 409K the detectivity has

decreased by a factor 2 (Figure 5-51). The detector is not yet con-mercially avoilable,
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8- 5.4. IMPURITY-ACTIVATED GERMANIUM-SILICON ALLOYS, by Thomas Limperis

Lrystais ot gerinanium-silicon alloys were first prepared around 1935 by Stohr and Klemm

‘Doferancs 0272 who showed that Ge and Si fermed a3 continnous series of solid solutions. They also

showed that the lattice constant of this system, which has a diamond structure, varies linearly with

compositions between the values for pure Ge and pure Si. Later, Levitas et al. (Reference 5-80) and

¥
=
]
2
T
=

Johnson and Christian (kelerence 5-81) found that the width of the forbidden band in this semiconductor
is also dependent upcn the percentage of silicon in the alloy. This dependency is displayed in Figure

5-335.

pe &

According to Herman (Reference 5-82), the knee of the curve ts probably due to the ditferent rates
of change in band gap in the [ 111] direction and the [100] direction with varying amounts of Si in the
Ge lattice (the numbers in prackets are Miller indices, which represent a direction in the crystal lat-

tice). As Si is added to Ge, the conduction bands in the [100] and {111] directions move away from

]
o

he valence band. The [111] conduction band moves away ata faster rate than the [ 100} conduction
band. From 0 to 15 mol. percent silicon, the band gap in the [111] direction is smaller than the band
gap in the [106] direction, and conséqucntly the cnangé in this band gap with th¢ amount of added sili-
con will determine the varié.tion of band gap for the system. In the range beyond 15 mol percent Si,
the band gap in the [ 111] direction is larger than in the [ 100} direction, and consequently the rate at

which the [100] mimimum moves away from the valence band will detesmine the band gap of the system.

1.10

1.00

0.90+ I
ek

0.80+

ENERGY GAP (ev)
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since this dependency exists, one would expect a corresponding change in the absorption spectrum

12

with varving amounts of »ilizon in the alloy. and. in fact. this is the ca_.2. The absorption spectrum

1

| Reterence 527 i¢ precented 1n Figurs H-58 with the percentage of silicon as a parameter,

The smallest energy gap 1or the Ge-31 system (1rom Figui= 5-55) is, ol course, the band gap of
pure geimanium (about 0.7 ev), which corresponds to a long-wavelength cutoff os approximately 1.8 u.
Hand gane of thie arder sro not nuriicviarly interasting 1o Vthc mulitary mmirarcd oyotem denipner odey
since the targets of intevest emit radia. “n in the longer-wavelengﬂl.; atmospheric windows. However,
uie addition oi impurities into ihe lattice of these alloys leads to some interesting results. For exam-
ple, the elements gold, copper, indium, zinc, and boron introduce allowed electron energy ievels in the
forbidden band gap, which greatly afiect the optical and electrical properties of the materials. These
impurity-induced energy ievels change the ionization energy (energy required to transport a hele to
the valence band or eiectroi§ to the conduction band). This is illustrated in Figure 5-57, where Ei is
the ionization eneiyy wid E;g is the band gap. In thia simpie picture, {he impurity centers are p-lype
or electron acceptors. Thus, an electrop transition to one of these levels froJm the valence band re-

ei:lte in a hole which is free to conduct in the valence band.

N . ! %
... In the Ge-5i system, the impyrity-induced levels move away frony the valence band (E:l increases). .
with increasing silicon content. The resulting variation in ionization energy with varying amounts of

silicon in the system is shown in Figure 5-58.

4__ .
- 10 B 1
: El 0% 8t 559 si

4.8% Si 12.5% si  38% Si
[ [/
/ |

Y

s Y G Y SRR S M N | ORI @ a0

A'JSORPTION COEFFICIENT (¢m
S—
boded el et b

LA T T '

I

i

T L T T - T T LR
.15 .85 0.95 1.05 1.15 1.25 1.35 1.45
PHOTGHN ENERGY (ev) . i

FIGURE 53-3t, INTRINSAT ABSORPTION SPECTRA IN A SERIES OF Ge-RICH Ce-Si
ALLUYS AT 78°K
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FIGURE 5-57. SIMPLE BAND! PICTURE In

FIGURE §-58, IMFURITY IONIZATION
ENERGIES AS FUNCTIONS Ot ALLOY
COMPOSITION

i .
The ion‘zoticn energy necessary to provide a long-wavelength response of 14 u (the long-wave-

length edge of the far-infrared window) is about 0.09 ev. We can see from Figure 5-58 that energy

RN S i £ WY A1 S P ey mri
~

levels introduced by boron lie closer to tue vaience band than 0.09 ev tor all values of silicon concen-
tration (Reference 5-84). Consequently, Ge-Si detectors using this impurity would have a photocon-

ev at siliton concentrations between 70% and 80%. Single crystals containing this silicon concentration

and ihe indium activator have been grown and the characteristics measured; however, these crystals
are extremely difficult to prepare and therefore further effcrts in this area have been abandoned. De-
tectors have been constructed of Ge-S1 doped with: zinc {employing the second zinc level), gold (using .

the first level), gold (usiag the second level), and zinc plus gold (using the stuacond level of zinc and

1
]

the first level of gold). Detectors of thic type were developed primarily to provide long-wavelength
photodetection at operating temperatures of Zpproximately SOOK or pumped-over-liquid-nitrogen
~ temperatures. The characteristics of these detector types represented by the symbols Ge-Si1:Znil,
—_ Ge-Si:Aul, Ge-Si:Aull. and Ge-Si:Zn Ay

il
|

3 5.4.1. (Ge-8i):Aul. The gold impurity iniroduces several levels in the forbidden gap. The posi-

tion of these levels is greatly influenced by the percentage of silicon in the alloy as described above.
] Figore 5-50 (Relerence 5 ¥5) chows the variation of iviliZation energy in the {irst and second levels
o

of zold n e germamnum-silicon sysen.
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0 5 10 15
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FIGURE 5-39. IONIZATION ENERGY OF Au
IN Ge~-Si ALLOYS, (a) First level, (b) Sec-
cond level,

From this figure it may be seen that by choosing the first gold level and selqcting the proper
amount of silicon one can vbtain an lonization energy sufficientiy small (0.08 ev) to allow carrier

generation by photons with wa_velengt.hs' in the 8- to 13-4 region (the far-infrared window)

. The util-
ity in being able to change the band gap by simply varying the percentage of silicon {8 obviovs. The

concentration of Si may be chosen so that the energy gap is sufficiently small for detecticn in the far-

_infrared windo v, but not so small that the long- wzlveleng'..h limit of photoconductivity lies beyond 13 u,

where cell temperatures below 30°K are needed to reduce the number of thermally generated carriers. '

Detectoré emlploymg this material are commercially available today from the Eiectron Tube Division
of RCA. )

. . . -1
I type is quile small (about 1 cm )

84) in the region of 8-13 u. Since the detectivity is diiectly p: yportional to the percent-

5.4.1.1. Absorption. The absorption coefiicient for this detecto
(Reference 5-

age of absorbed quanta, it behooves the detector desigrer to somehow increase the ahsorg t on. For

impurity-activated Ge-Si cells this is done in one of two ways. Es \'m‘u&iicr

First, icr small.area
2

than U.5 x 0.5 cm”) an integrating chamber with highly reflecting walls is used, as shown in Figure
5-60. This configuration insures multiple traversals of the incident photons through the sensitive ele-

ment, thereby effectively increasing photon absorption. For detector areas a;

- - 2
ad 0.5 x 6.5 ¢in ",

the bottom of the sencitive elemeont i5 sianted [ Figure 9-61; to provide multiple internal reflections.
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FI¥ "RE 5-80. TYPICAL INTEGRATING-CHAMRER FIGURE 5-61. CELL ELEMENT
ASSEMBLY

5.4.1.2. Resistance. The dark resis.ance oi these cells is extremely high at liquid-hydrogen
temuperatures. Values of resistance arvund 170 megohms have been measured, however, it is believed®
thui this is the resistance of the leakage path and that the actual cell resistance is muck iigher. ¥For
cell tempera.ires around 50°K or pumped over liquid nitrogen, the resistance is around 500 kohm.
The resistance is txpmentia]l y dependent upon the reciprocal of the temperature, or Rac el' *, wherce
R is the resistance and T is the cell teperature.

5.4.1.3. Time Constant. The time constant of this detector is less than 1 usec.

5.4.1.4. Noise. The noise power specirum has a i/i compon.rt at chopping frequencies bciow
300 cps. and beyond that point the noise is white. In the white region, ine noise is predominantly due
to fluctuations in the generation and recombination of the charge carriers caused by either the back-
ground radiation or by lattice vibrations, depending upon the cell temperature. For cell temperaiures
of approximately 20°K and below, and background tempera ures of zround 300°K K, the noise is predowm-
inantly background noise ( ;raise caused by the random arrival of photons from the background). As the
cell’'s operating temperatuge is increased, the random generation and recombination of carriers

brought about by the therin:l agitation of the iattice begins to predominate.
Since the time constant is very short, the radiation incident on the detector may be chopped at
frequencies up to 105 cps. At\frequencies abave 300 cpg, the noise i-s‘i_out of the 1/f region and the

aximum, which leads to a maximum signal-to-noise ratio.

g1
a
'él
<
3
&
al
-
®
g

® Private communication with Dr. G. A. Morton and Dr. M. Schultz.
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. 5.4.1.5. Detectivity. A typical spectral response for Ge-Si:Aul ceils, which arg available from
RCA, 15 presented boiyw. As mentioned eaxlicr, the long--wavelength cutnff ie dependent upon the
amnunt of silicon which is added to the lattice. For the spectral response preseuied in Figure 5-62,

ihe percentage of silicon is aboul 11%% this proviacs

3 long-wavelengih cutoif of about 12 . The detec-

e tor described in Figure 2-82 has & colted Ge window. Th= peak value of D* is dependent upon several
SH,

marameters. including the

=3
e

)

all temperature and the cell field of view. If {he noise is prednminantle
hnnle~

background uvise, then placing cooled shields adiacent to the detector to resirict its fleld of view will
or t

decrease the background noise and consequently increase D*. For the detector to be background-

noise {imited, the operating temperature must be 50°K or less for backzrounds of ahout 300°K.

Unfortunately, no measurements on this type of cell have been published by the iwo cell test
facilities, NOLC and Syracuse. KCA raports” that for a 230-vol bias, a 120° field of view, a 21%

=l
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FIGURE 3-62, SPECTRAL-RESPONSE CUR%’E, FOR
Ge-Si:Aul

p-ivate communications with Dr. G. A. Morton.
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oppeT ""ab temperature, a.ud a 4.5- megohrn load, ¥ (600K, 500,1)is 6 to 10x 10" cm-cps I watt™
. 1a 172 -1 R 5

which corrosponds e Z “em-eepsT T watt ', The 23YK temperature is ob-

..... Y COITOSE
tained wilh liquid h¥drogin tn the crvostat. Dewar-cooler assemblies

s coolant are

available from RCA. When operating at pumped-over-liquid-mtragan {2bout ’J!OK) the

- . . : /2 -1 L

I ’:")OOI‘.. 102, Nis 5 x 109 u_u-cpsl swatt , and, ai cell tempera 7°K, the D* (5()0 K,
- 8

163, 1) is approximately S v 106 fud cp:l/z walt 1. Theov vaiues of D* wmay be converied to peak

D= by t-e following expression

D* peak = 2 D* (500°K,—, 1)

Photosaturation studies of this detector have not been reported up t:) the time of this report. Of

course, when the cell ig backgreund-noise limited, one should expect the NEP to degrade with increas-
ing background temperature because of the dependence of noise upon the level of background irradia

hacig adiar
When the celi- i8 not backsround-noise lin the be

, the NEP will be consiant for increasing background

¢ background noise is predominant.

54 2. Ge-Si:Znll.

Infrared detectors using the second level of Zn in the Ge-Si lattice are also
avaiiable from RCA. As in the case of Ge-Si:Aul, the amount of Si added to the Ge lattice is chosen
to obtain a ivng-wavelength cutoff which lies at about 13 i, which is the long-wavelengih edge of the

8- v 13- window, The variatiou uf ionization energy (or band gap) with percentage of Si is presented

in Figure 5-63. Generally speaking, around 4% of Si is used to provide the iong-wavelength response
described above.

When preparing these cells, a comoensating n-tyne imwarite ownk ae ambtmrn - o 10 1l

) Al mmens v sdaa il

the acc'eptnr levels which lie closer to the valence band than the second Zn level. The result is that

slectron transitions which do occur are between the valence band and the second zinc level. The hole

which remains in the valence band is then free to produce a photocurrent.

5.4.2.1. Absorpuon. ‘iransmission measurements { Reference 5-85) have been made on a zinc-

activated Ge-Si lattice containing 7.5% silicon. From these measurements, the 2bsorption spectrum

" was detes wined ( Figure 5-v4). The iigure indicates that the absorption coefficient is only around

1 cm_1 in the range of 2 to 10.5 4. Such transparency in the region of interest is undesirable since

*Thewe vilues were nbiained from only une cell reported by RCA n Reference 5-us.
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“FIGURE 5-63. IMPURITY IONIZATION LEVEL EFFICIENT OF A Zn-ACTI. ED ALLOY,
VS, PERCENT 8! FOR 2n1 Ge-S8i:Znll; 7.5% Si.

the signal veltage s directly proportional to the percentage of quanta absorbed. Methods have been-
devised to solve this problem in these detectors. They aic dewscribed in the section on Ge-Si:Aul
{ Section 5.4.1). )

5.4.2 2. Rcsistance. The dark resistance of detectors constructed {rom this material is x"é}porfed
to be about 70 megohms for cell temperatures around 21°K. However, indications® are that this is the
resistance of the leakage path and that the cell impedance is much higher. When temperatures of

about 60°K are used, the resistance is around 30 megohms.

5.4.2.3. Tuue Constant. The time constant is less than 1 usec.

_

5.4.2.4. Noise. The noise is the same as that reported for Ge-Si:Au.

5.4.2.5. Detectivity. A typical spectral response curve for Ge-Si:Zn is shown in Figure 5-65. As
mentioned above, the long-wavelength cutoif is dependent upon the amount of silicon which, is added 10
the lattice. For the spectral response shown in Figure 5-65, the percentage cof silicon is ‘around 4.

The peak D* value is dependent upon several parameters including the cell's tenmiperature and its field

ul view.

® Privale compiunication with Dr. G. A. Morton and Dr. M. L. Schultz,
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FIGURE 5-65, SPECTRAL-RESPONSE CURVE FCR
Ge-8i:Znll

For cell temperatures of around 507 .0 .. lciv mid covepa cmid wsispe: wws vo UL UV M, LIE GELL 1S
backeround-noise iimited. Therefore, placing cool shields adjacent to the sensitive element io restrict
1ts field of view will effectively decréase the background noise and consequently increase the detectivity

(tiwe relationship between these varialk!~< is shown in Figure 5-42).

One Ge-Si:Zn 11 detector with a-coated -Ge window was sent to NOLC for testing. The results were
reported in a recent NOLC report ( Reference 5-87). The measurements were made at 2 cell tempera-

LR B .
ture of 50 K. A summary nf the results is given below.
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_ . ~ 6
Derk Resictancs - - -, sy 23 % 10
Cell Current KESTE
Cell Noise 0.96 uvolts

Load Resistance
Cell Area

D* (500°K, 90, 1)

.U‘r(‘Apk’ U, i)

2.5 x 10" ohms
~2.25 cmz
T1x 109 fm.ong

; 1
1.5x 1010 cm-cps”

/2 ..~
/2

-

-watt™!

I'he detecior element consisted of nine 0.5 x 0.5-ciu cubes arranged in a square mesaic. A metal

cone mo_unted outside the window limited the fi

eld of view o about 70°.

¥or cell temperatures of 219!{,”21 load of 2.5 megohms, 4 bias oi 250 volts, and a 120" field of

10 1/2

W b

1/2

by using liquid hydrogen. A cryostat-gewar package employing this ceclant is dvailable from RCA

.watt’l, which corresponds to a D* peak of D* (X, 900,
| 1) equal to 3.6 x 10%cm - cps?”/ 2. watt™}. As in the case of Ge-Si:Aul, the 21°K temperature is obtatned -

(with the cryostat furnished by Air Products Corporation, Allentown, Fennsylvania). At pumped-over-
liquid-nitrogen temperature (about SOOK), the D*: 500°K, -, 1) value decreases to about 1010 cm- cpsl

- n . p. -
watt 1. D‘(5OOOK,—, 1) hecomes about 1.5 x 10" cm - cpsl/z-watt 1 at 60°r". D*.(SOOOK,——, 1) may
be converted to peak D* by the expression.
(o]
* P = * —
| D upk’ , 1) = 2D* (500 K, , 1)
These values of D*{ 50001(, —~, 1) were obtained from 7 cells reported by RCA in their guarterly

progress reporis ¢uaring 1955 and 1960. The data are shown in Table 5-9.

seaturation studies have not been repe

ried up to the time of this report.

Of course, when the

celi is background-noise limited, one should expect a degradation in NEP with increas’ng background
temperature because of the dependence of noise upon the level of background irradiance. When tie cell
is not background-noise limited, the NEP will be constant for increasing background irradiance until a

level 15 reached where background noise predominates. At this level the NEP will behave as descrihad

Th
i

]

esistance and.-responsivit
resi

d

not vet available.

stance and-responsivily are aiso functions of background irradiarce; howaver the dat
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TABLE -3, D¢ {5060°K,—, i) FOR SEVERAL Ge-Su:Znll CELLS

Cell Numbes 50K 50°K 16°K Ref.
e TR S
AW263-5.2% Si | 4 x 10° P e x10® 107 1
AW2R4-4 3% st 1010 (f=1500 cps) | 2x 10° (1 (f-1500 cps) | 1.5 x 10 {(f=1500 cps) | 2
AW285-3.5% Si 1017 {1 - 1500 cps} | 1.5 x ic” (i = 1500 cps} | 5 x xu (= 1500 cps; | 2
AW286-5.1% Si | 8 x10Y (£ = 1500 cps) |1.5 x 10 (i ~ 1500 cps) | 5 x 10" (f = 1500 cps) | 2
Awzse-4.9%st] 100 (£ 1500 cps) | 1.5 x 10° (£ = 1500 cps) - 1

n

AW30D-5.5% 5i | 1.5 x 1077 (1= 100 cps) 11.5x 10° (£~ 100 cps) | 5x 10 (f=100cps) | 2
AW302-4.7% Si : Tx 109'(1' = 100 cps) 10g (f = 100 cpsj 2x 10 = 100 cps) 3

1. K. 3. Lisg, Impuriiy activated Alloy Infrared Detectors, Third Quarterly RCA Progress Report,
Electron Tube Divisicon, Radio Corporation of America, Harrison, N. J., January 1960
IU\JCLASQIF‘IED‘ -

2. G. A. Morton, Infrared Photoconductors, mghm iuierim RCA Report, David Sarnoff Research
Center, Radio Corporation of America, Princeton, N, J.

3. K. S. Ling, Impurity Activated Alloy Infrared Detectors, Fourth Quarterly RCA Progress Report,
Electron Tube Diviaion, Radio Corpceration of America, Harrison, N, J., January 1960
(UNCLASSIFIED). : -

5.4.3. Ge-Si:Aull. The variation of ionization energy of the second level of gold in the Ge-Si sys-

tem is shown in Figure 5-§0. Several detectors have been constructed from this material with peak
detectivities around 4.5 1 and long-wavelength photoconduction th}'esholds of about 6 ;.. The mecasure-
mepts on these cells are presented in Table 5-10. A typical relative response curve for this material
(about 10% Si) is shown in Figure 5-66.

5.4.4. Ge-Si:Zn:Aull. Adding two activating materials to the Ge-Si system leads to sowe inter-
esting results (Be{erence 5-86). First, the spectral respgonse configuration differs considerably from
that of the detectors described above. The resulting curve appears to be roughly the sum of the indi-
vidual response curves fur the two activating materiais. The result, shown in Figure 5-67, is_ a
response with two pezks. One lies at 4 0 and the ather arcund 11,:, Between the intrinsic

P N
....... Lol INININGAT Cqyl At

1.8 4« and arcund 11.5 1, the net response is constant within 2 factor of 2. The D* ¢ 500 K, 100, 1) for

/ -1 5 g 172 5 S
this cell 1s about 1.5 x l()scm -cpsl’ 2‘ watt ~ at 60 K and about 8 x 16 cm-cps’’ T -watt  at 50 K.

Improvement in D* by a factor of 2 may be achieved by chopping at higher frequencies {around 1500

DSy,

144 CONFIDENTIAL




e~ «
- wy
< 5 s
-
< )
Mnu M« TUOLIOW IV D TR0 PIA SUOlRITUNIIUIO) ageAldd g
w ° (@ILAISSYIONN) 6661 23000 “'f *N ‘uosiarey
z . 89123y JO U0(Ir 100 10,) OIpPRY ‘UCISIAK] Agn], uonsary “yaoday ssax8oad v 1 A1a21xend puodag ‘SiN3818G
O = PaTetul ACTIV PABANOY LIGGW] WITWE *1 *y PUWE ‘TINYDS T ‘I ‘UNIeN 'S ‘Bury S N ‘MteH A M g
v (@ALASSVIOND ) 0961 112dy 2 *N ‘mOSIITel ‘ensamy jo uon elodio) opey ‘uorsialg aqny
2 ucsay ‘4a0day ssazond voy AlIelaend yrme g .Essu% paredjul Aoy >areAoy Anandul ‘8wt g Y o
= - ==
=
o € IS 01X 62 0L v 1S %0°01:2HBRY
- ‘
£ 00F X 91 gOT X L't L b 1S h¥6-£088F
£ o0 ¥ 21 (Crx 8¢ v 13 IS h¥'6-2DBRE
] g 00T X681 SOTX ¥ ; VL 4 1S R 6-1038F
g g0rxes goT x5 2’8 Sy 1S k1'8-pdRgt
£ m3 X g9 mc— X8 6°L S’y 1S K1°8-cd3R%
€ 001 ¥ 01 01X 8¢ L Sy 1S %1°8-2438%
¢ ag X GG @3 X 8¢ £'8 7 1S BI'8-1438p
¢ OV X T8 T X 1E g 1S %e'9-2a38h
g QI XEY gOLx &1 9'8 s 1S ‘bg 0-1398%
e 4 OIX 8L LIX T2 0'b 1S OT-E, TAY
m 4 oL xes s d 01X ¢ oL VI Sy 1S 48°6-3izMV
2 T e xe EPLER LTXes Sy T 8L
- _p‘w .N - * * . v v D ,
m 1 9ol % 7 ,QE g'e 601 118 M
8 (suro) e sdo-uwd « mgdo. ( —
w doues 80y Aﬂ n m\ﬂ.xn ) r-:g Nlmmp w2) 2:“. () le
3 ERULREIE | W1¥g (1001 79 »a (T'oer‘dg008) »a (%01 ~v {read) ¥ I3QUNN {130 w
. : (a]
° “w
2 zccm e [ny:is-e#D "01-§ IT19VL p-d
0]
R U
wﬂ |
!
'
el ek i e s A B A TR




[

o=
Jﬂrt
Y
%
?

)
)
t

R NG Yl 20 1 O ISR £% 5

L Uhag - bl i e P A Y S S

e

w\.u

CONFIDENTIAL

instifute of Science and Techaology

ihs University of Michigan

1
131 h | "R
- —1 .
P -
8 ]
4 !
e 1007 v\
vt
w0 ]
o | \
5 \
= 10° ]
= .
S -
J: ~
a 10°]
7 M T B T
n 2 4 6 8 10

WAVELENGTE (u)

y

FIGURE 5-66. ABSOLUTE SPECTRAL RESPOONSE
OF Ge-S1:Aull.  Cell No. 488G3; 4,4% S4; 80K
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FIGURE 5-67. RELATIVE SPECTRAL RESPONSE OF

Ge-Si: Zn:Aull. Cell No. AW299; 5.3% Si.
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5.5, TELLURIUM, by Thomas Limperis and Gwynn 4. Suits
5.5.1. INTRODUCTION. The elemenc tellurium was discovered by Muller von R'rhnmfe-m in
1782 . and Iater named by !.lapro‘h in 1798 It was found primarily in the form tas id

L34 12y vi;wis\,‘uutdgn

and other metals. Iy powaer iorm it has a grayish-white, metallic appearance.

5.5.2. PHYSICAL PRO?ERTIES. Tellurium has a meliing temperature of 449.5 + 0.8°c (Refer-
ence 5-88) and a specific gravity of 6.24 at 20YC (Refererces 5- 33 5-89, and 5-90). Single crystals
of this materlial have a rhomboheldral structure with a Dg or D,* space greup as expressed in the
Schoenflies notation. A schematic representation of the structure is shown in Figure 5-88, “The; afnms
are bonded in such a way as 1 form helical structures. These helices, when placed adjacent to each
other, make up the crystal. The strengih of the bond between atums in the helix is much stronger than
the bonding between adjacent helices. Consequently, the physical, electrical, and optical properties
display » strong anisotropy. Table 5-11 lists two physical properties for two orientations of the cry-
stai; along the c-axis (in the direction of the helices), and prependiculzr to the c-axis to show the
degree of anisotropy.

FIGURE 5-68. SCHEMATIC REPRE-
, SENTATION 0y THF. Te CRYSTAT..
(a) Top View. (bj Side View.
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TABLE 3-il. PHYSIC.aL PROPERTIES

Crystzl- : Linear Expansion Comps essibility
Orientation © Coefficient (deg-1) (emZ/dyne)
1 c-axis © aex1078 4axi0?®

| c-axis 212x107° 2.8x 10712

Thele are 2 number of ways of preparing tellurium single c:vstals, but the iwo most common
technigues ure those.of Czochralski (Reiference 5-61) and Bridgman (Reference 3-92). In the
Czochralski method. a small, single crystal of tellurium is lowered into a crucible filled with the
molten element. The temperatures are controlled very carefully so that the molten mp.te;‘lal begins
in solidify slowly at the interface between the seed and the meil., The seed, while rotaiing siowiy, is
gradually raised until a Iarge singlc crystalline boule develops. This technique has been used by
Weidel (Reference 5-92) Keezer !Reference 5--94), and Davis (Zéeference 5-95). Boules 2 cm in
dizmeier and 7 cm long { Figure 5-69) have been pulled, and a high degree of crystal perfection has
been obtained. The difficulties encountered in this technique seem to be in properly controlling the
temperatures and obtaining good seed material. In the Bridgman method, chunks of bulk tellurium
arc placed in a long, thin, herizontal, crucible boat.” At one end of the bcat a single crystal seed is
inserted. Heat is applied at the seed-bulk interface until the material melts. The boat is then moved
gradually so that the molten region travels irom the s>eed-bulk interface to the opposite end. che
degree of perfection of single crystals prepared ir. this manner has been x'elat!vei"' low, A third
method used at WRL ( The University of Michigan's Willow Run Laboratories, now the Institute of
Science and Technology) 15 the vapor -depousition techaique. Here the bulk tellurium is heated at one
enc of a long tube, containing low pressure H2; it is condensed in some region farlrhier along on the
wall> Ul lne woe.  Unis method requires good centrol of the temperature gradient aiong the tube.

The crystals produred range from 1 mm X 5 mm to 2 mm x 8 mm ard can be usedl'llildircctly as photo-

detector elements or as seed material for the two methods desciived above.

The best crystals grown by the Czochralski method have as good detector properties as the cry-
stals grown from the vapor phase. However, the growth of good crystals by ihe varor -deposition
technique 1s more easily accomplished and requires very little capital equipment in comparison to the
Caudinaiskhi methoa. For the person who wishes to make a few of his own tellurium photodetectors . :
without erntermg into large -scale production, the vapor-deposition meihod would be the quickest and .
waould require the least commitment of time and money. Cn the other hand, controlled doping and

large-scale preparation of good tellurium crystals are probably best done by the Czochralsk: method.
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* Single-crystal tell'rium is very soft. It is easily scratched and bent. It cleaves parallel to the

[

c-axis, but it is difficult {0 cut or cleave perpendicular to the c-axis without inducing local fractures.
= Siugle crystais grown from vapor or the melt have a metallic lusire and a strong tendency to exhibit

natural crystal faces.

g Soidering to tellurium can be dene by using an -acjd fhux and bismuth metal followed by any good
i§ ) lead-tin solder. Welding wire leads is easily done Ly pressing hot wires against the tellurium crysiai.

= par A1 et
Evaporated-gx

ol contucis can be made o hold quite well by standard methods. Vacuum evaporation of
-¥B. tellurium is easily accomplished by standard means.
X

Because of the anisotropy ot thermal expansion of tellurium, large sections {about 25 mmz) of
tellurium cann st be mounted rigialy ‘a.gainst a thermal sink but must be mounted by fixing only an
edge or corner of the crystai to the :herma.l sink to avoid iracture of the crystal.- Nonrigid mounting

using silastic can be used for large area crystals.

P e

5 '
i 5.5.3. ABSORPTION. Loferski‘ (Reference 5-96) and Nomura and Blakemore ( Referenc. 5-97)

have measured the infrared absurption of single crystals with two orientations of the electric vector
of the incident light. Elécgric fields _pngpquicular mdlpanllel to the c-axis were used. The results
are given in Figure 5-70. The-mlatlon in peréentage In!;traszsmi sion of 5~y radiation with the angle
: between the electric vector and the c-axis is given in Figure 5-71. The absorption coefiicient for
’ unpolarized incident light should lie somewﬂere iaetween the ‘wo extrerne values obtained with the

1000

0.10

-,

lwq | ilcl#Jfféiff;

e
Y
Y

(=]

FRACTION TRANSMITTED
=Y
@x
i

AT T T T T T T
350°0 200 40° 60° 80° 100°

ABSORPTIOMN COE FFICIENT

8 0 ANGLE BETWEEN c-AXIS AND E VECTOR
= hv (ev) .

i FIGURE 5-71. TRANSMISSION OF A TYPICAL Te
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perpendicular and parallel polarized light. values oi absorption constant between 10* and 105 cm—1
in thx 1- i0 3-u spectral region hive been obtamed by Moss {Reference 5-98) by measuring the

transmission through thin film,

The position of the absorption edge is a function of both the temperature and preés\;re. Loferski

tound a temperature dependence of -7 x 10“59»'/ OC. The negative sign implies that the edge moves -

Tingei {Rclvsence 5-98) Das iound a pres-

ev/atom.

5.5.4. BAND GAP. The band structure of Te cannot be described adequately by a simple band

pict:xi\‘ where a valence band is g\ebarated from a single conduction band by the fsrbidden zone (ar
band gap). The absorption spectrum suggest a more comglex structure. Discussions of preseutly
accepted pand pictures of tetlurium along with references to the original work are presented by ‘
Wuss (Rei'erence 5-10C, pp. 173-175), No attempt will be made to discuss this point in detail here, o
since it is beyond the scope of this report. Reitz (Reference 5-101) has calcuiated the electronic band
structure of tellurium and selenium. In his approach only nearest-neighbor interactions were consid-
ered important. Heitz started with a hypothetical chain having 50° bond angles and constdered the 1
transition to actual bond angles ( 1020) as a perturbation, In agreement with experiment, his calcula-

tions lead to two long-wavelength absorption edges, dependin, on the polarization of the incident light
with respect to the c-axis.

Measurements on the temperature variation of conductivity and the Hall coefficient Eyield an energy

gap value of 0,33 + 0.01 ev. This value, as described in the preceding section, is a function of the tem-
perature and pressure of the crystal.

1he aadiuion of selenium to the tellurivm has an efiect of increasing the band gap; consequently,
the photoconductive properties are aiso altered. An investigation of this work along with the eifecis

of doping are presently being studied at The University of Michigan.

5.5.5. REFRACTIVE INDEX. The refractive index of tellurium films was investigated by Moss
{Reference 5-102), while Hartig and Loferski (Reference 5-103) and Caldwell ( Reference 5-104) in-
vestigaivd the reiracuve index of bulk crystais. The results of the crystal studies are shown in
Figure 3-72. Here the anisotropic behavior in tellurium is again evident, The refractive index is
relatively constant between 4 and 14 i, but a considerable differcnce is seen between the refractive

indices for the fwo polarizations of the electric vector.
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FIGURE 5-72. SPECTRAL DEPENDENCE OF THE
REFRACTTIVE INDEX IN Te CRYSTALS

this element were carried out on thin depnsited films. In the latier part of 1948, Moss (Reference 5-
105) prepared several of these films using a vacuum deposition teciinique. He found the films photo-
conductive when cooled fo lquid-nitrogen temperatures. The measured NEP's (noise equivalent
powers) were quite pooer, with time constants ranging between 300 and 1000 usec. Fukuroi et al.

{ Reference 5-106) have made extensive measurements of the photoelectric properties of tellurium
single crystals grown by the Bridgman method; however, the principal aim of this work was to mea-
sure the photcelectric properties and not necessarily tc produce intrared detectors. In 1938, Suits

{ Reference 5-1U7) reporied the [abrication and measurement of smg}z/-/'éi‘?stal-tellurium photoconduc -
tors. Later, in 1960, Butter and McGlaughlin (Referenqe 5—108)_;oi:£he H.oneywe!l Qrdnance Division,
Hopkins, Minnesota, reported fabrication of tellurium detectors as a mflitary product. The properties

response, time co” stant. noise spectrum, and detectivity of today's tellurium

o

of resistance, specira

detector ure described below in detail.

5.5.6.1. Resistance. Single-crystal-teilurium detectors are characterized by a rather low dark
resisiance, Values of 2000 chms per square at liquid-nitrogen temperatures are considered average

tuday. The term per square 1mpi!ies that the length of the crystal is equal to the width. Consequently,

for wennietries other than squ.lrr-'," one needs only to multipiy 2000 by the new length-io-width ratio to

H
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of perfzction. and proper handling techniques to prevent stressing the crysital 2nd introducing disloca-

tions which affect the resisnivity and carrier litetime.

5.5.6.2. Time Constant. Measurements of the lifethue of charge carriers in single crystals cf
tellurium aave been made by de Carvalho (Reference 5-108) using the PEM effect. He found values
of time constant (7} of arcound 1078 ongd

cund 10 7 scceond, and, Gpon CoUling he i ysial, a rapid crease in T resuited.

Near room temperature 7 followed the relaiionship

T exp E/ KT .
where E is the energy gap which is about 0.33 ev. Time constants of tellurium phétoconductive detec-
tors are about 60 jcsec at T7°K. Three tellurium detectors have been sent to NOLC for testing ( Ref-
erenc:es_ 5-87, 5-110, and 5-111)- One was from WRL (1956) and the other two were from the Minne-
apolis-Honeywell Regulater Com})ar.y. The detector from WRL utilized a .por-phea3e crvstal, while
the nther twn were prepared by the Czochralski method. The relative response as a funciion of
chopping frequency for these three cells ipl:\snown in Figure 5-73. The eifeciive time constants of
these cells can be calculated by the expression '

- * '
TS 1. 211“.

where f is the frequency at which the response degrades 3 db from the maximum value. Butter and

McGlaughlin repo;rt guud agreement between 7. and the time constant measured by the radiation-

eff
pulse technique, where one observes the photocurrent decay time. The average detectors constructed

at WRL display time constants of about 50 usec at 77°K.

oy
(=]
Jo -
w
(9]
>

LAT
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At ]

i ! A
i |
zoq N
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5.5.6.3. \:nice

Figure 5-74.

DA
oS

~3
11 ). Generation-recombma.tlon noise begins to dominate around 10

The nnise froquency spectrum of the three cells described above is shnwn in
The noise is charar-tenzed bya I, f power spectruiyt (except for cell A which follows
aps. Measurements {Rafer~
ence 5-112) made ou one selecred cell from WRL ndicated that the cell was background-noise lm\\lited
wh/*n chopped at 5000 cps. wate commumcations with McGlaughiin of 'Vhrmeapolis Honemll in-
dicate that tivey have aiso constructeu cells limited hy hackground noise.

100 -

/

10‘1:'\\ \\
SN \

NOISE (uv) (rms)

/
/

10 LA B o R S B ) S B B

4

10} 10% 10° 10
FREQUENCY (cps)

FIGURE 5-74. NOISE SPECTRUM CF Te

5.0.6.4. Detegtivity. Shown in Figure 5-75 are the spectral dependence of D* (A, 80, 1) for the
three cells described above. Cell A is typical of the production mode!l available {1uin Minneapolis-
Honeyweu.” The other characteristics of these cells are given in Table 5-12.
that the data shown in F

It should be noted here

igure 5-75 were tzken at a chopping Ireguéncy of 90 cps. An examination of

ihe relaiive response and noise [Rionree 8-7% and 8.74 o550 Ctvelv) wndicaies ingi a1 9 one tha
HOLSY IMIWNON:1S 1/1 ° , and that chopping at higher frequencies will lead to a lower noise voltage

without affecting the detector rogponse. For cell A, increasing me chopping trequency from 90 cps

to 200(_) ecps would decrease the noise from 10'7 volt to 4.5 x 10~ vol!: (about a [actor of 2). The

Y Private communications.
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FIGURE 5-75. ABSOL.UTE SPECTRAL RZSPONSE OF Te

relative response remains unchanged. Thereiore, the detectivity would increase by a factor of 2, A

similar treatment of cell B would lead to an increase in detectivity hy a fartnr nf 4

would place cell B only a factor of 5 from the theoretical limit of detectivity. The theoretical limit is
calculated by assuming that all the noise is caused bv the random arrival nf photong from 2 200%y

vackground. This value is 5 x 10 em.cps!/ 2 a1,

Figure 5-76 is a histogram of 20 detectors constructed from crystals grown by the vapor-phase

method. These celis represent the early tellurium detector work at WRL. The number of cells is
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FIGURE 5-76, BLACKBODY NET DISTRIBU-
TION FOR 1/2 x 1/2-MM Te DETECTORS

- . . o
plotted as a function of NEP{500"K, 90, 1). All the cells had sensitive areas of 1/2x1/2 mm®, D*

is relaied to NEP by the eapression,

- D (506°K, 90, 1) = YA At '
NEP(500°K, 80, 1)

7
1,

Thereior=, the best D*( SOOOK, 90, 1) value recorded was about 1.3 x 109 cm - cp-.sll2 . watt-l. This cor-

o - AR eN L ey 1010 PN f‘.n*!.l/zh‘.v:!tt-l. Prr talliminm thae rolatinnehin

- ok
between peak D* and D* (500°K) is '

D* 99, 1) = 16 x D* (500°K, 90, 1)

(Apk)

The degradation of D* due to intense thermal backgrounds has not been determined conclusively

as yet; however, preliminary results”’indicate that D* degrades by a factor of 5 for background

(9]

- o2 con s
levela nt anont 16~ enective watts/ em’ . Fffective implies that only those backeround photons are

considered which cause band-tg-band transitions in the tellurium detector,

2T, Limperis and w. wolle, Insuitute o1 dcience und Technology of The Umversity of Michigan.
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(1) large guantum efficiency {3} relatively short time constant
(2) advanced state of the art {4) a propitivus speciral response

The quantum efficiency is high since tellurium is an inirinsic detector (i.e., photons produce charge
carriers via band-to-band transitions). The high refractive index, hicwever, leads to a reflectivity
of about 50%.. This luws can be overcome by antireilection éoating.

The value of detectivity for typical commercially available tellurium detectors is 5 x 1010

/9 -1
cm-cpsl’ Swatt °. This is only a factor of 10 from the theoretical limit, which implies an advanced
state of the art.

i
A typical time constant is ahout 860 usec, which is relatively shori and indicates a satisfy

tory
information capacity, for some applications.

%

Figure 5-77 shows the tellurium-detector spectral response located at a min mum of the spectr-i‘i-
emission curve for a clear summer daytime sky (Reference 5-113). This, coupled with the fact that
the atmosphere has an infrared window between 3.3 and 4.1 1, makes tellurium an interesting detecior

material for some infrared system applications.

>

(% Emission

” R from Daytime and Summer|_

[ Sky o~

= : 'Tﬂ

-3 S e § |

s 10 Te Spectral - 10 g

x 9 1 , Response o :

I T B s
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FIGURE 5-77. Te RESPONSE AND SKY EMISSION Vs,
WAVELENGTH
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5.6. INDIUM ARSENIDE, by Thomas Limperis

Indium aresenide is an intermetallic semiconductor ior med from elements in the-third and fifth
sture {Roforonce 52114} with o forbidden band
gap smaii enough to aliow band-to-band absorption in the near-infrared winduw (&-5 ). ror the past
tliree years, the Research Division of Philco Corpox;atnon has been active in developing an uiacaoled
infrared quantum detector from this material. The charaqteristics of this detector are presentad

in detail later in this section.

5.6.1. ABSORPTION. The room temberature absorption spectrum has been determined by
Oswald and Schade (Reference 5-115) by measuring the transmission and reflection from a single
crystal of InAs with resistivity of approximately 10-3 ohm-cm. The results are presented in
Figure 5-78. This epectrum indicates an optical band gap of 0.33 ev. The increase in absorption at
wavelengths longer than 4.0 u.is due primarily to photon absorption by iree carricra.

3.6.2. REFRACTIVE INDEX. The refractive index as a function of waveleiigth is presented in
Figure 5-79. These data were also obtained hy Oswald and Schade {Reference 5-115). They indicate

a refractive {ndex of around 3.2 in the region of 4 to 15 ..

5.5.3. BAND GAP. The forbidden band was determined in two ways. First, the position of the
absorption edge yields what is referred to as an optical band gap (or band gap determined by optical

measurement). This value, as stated above, is around 0.33 ev at room temperature. The forbidden

PHOTON ENERGY (ev) : PHOTON ENERGY {ev)
2 85 02 0.1 : 2 08 0.2 0.1
-—AIOO 11 1 i 1 ) ) % 10.0- 11 L 1 1 1
' <]
g .
g9 0 |- g s
EE 1 K @
z i
& 50 g 5.0
[e S} 3% n
0 = @
m B 95 I ~ 2.5
1 ke i l\ -~ : - i
m r—
- . =
8_ 0 ! — =TT T 1] o o777
N 4 B 12 16 0 4 8 12 18
WAVELENGTH (u) WAVELENGTH (u)
FIGURE 3-78. ABSORPTION COEFFICIENT FIGURE 5-79, REFRACTIVE INDEX OF InAs,
OF TnAc, Recistivity = 1073 ohm-em. Resistivity = 1073 shm-cm.
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vanc was also determined by measurements of the temperaiure dependence of resistivity. This ia-

vegrigation by Foiberth et al. (Reference 5-116) yieided a value of 0.45 + 0.0Z ev at o°K.

The temperature dependence of the {orbidden band was determined by Cswald (Reference 5-117).

He feund that it followed the relationship b = 0.45 - 3.5 x 10747
B

, where T i3 the sample teinppera-
ture in degrees Kelvin, The room-temperature band gap calcuiated from the resistivity measure-

ments is (.35 ev; which is in good agreement with the optical measurement reported above.

The variation of bandwidth with temperature is shown in Figure 5-80, and the absorption specira
at different temperatures are presented in Figure 5-81. These data were taken using an indium

arsenide crystal witha 2.5 x 10-3—ohm-cm resistivity.

0.45 - : .~ 50 T L 1
evi L !
a.04o—\l~ 540-:::5::4 & \& {
< = %
) £ 304 = :%"c: 3 % 2
v 20,95 =
"B Saz4 |
; 2]
M 020 & 10
o
s © \
0.25 T T Y T 04— T T T 1
0 100 200 300 4C0 500 3.0 3.5 40 4.5 5.0
TEMPERATURE {°K) . WAVELENGTH (u)
FIGURE 5-80. ENERGY GAP VS, TEMPERA- FIGURE 5.81. ARSORPTION SPECTRUM OF
TURE FCR IhAs InAs WITH TEMPERATURE AS A PARAMETER

5.6.4. SPECTRAL RESPONSE. Deatectors 9reparéd from this material are operated in the
photovoltaic mode, using a p-n junction. There are three fabrication methods investigated by Philco
for the preparation of indium arsenide p-n junctions. They are;

(i, Alloying of dopani 0 furm a p-n junciion.
(2) Alloying of a chemically deposited dopant to form a junction

(3) In-diffusion of dopant to iorm a junction.

The first involves heating a region ¢i the n-type vemiconductor base material to its melting tem-
peraiure. A quaniity of p-type dopant, either cadm‘um or zinc, is dissolved in the melted region

and the material is refrozen.

160 CONFIDENTIAL
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The s=cong method utilizes 3 temperatu w the

cinperature beiow the melting poict. A dopant, or solvent con-
L N

34 that most of

The in-diffusion method consists of heating the In or As base materiai in an atmosphere of

cadmium or zinc allowing the dopant to diffuse into the surface. The formation of p-n junction by

out-diffusion is dore by heating the semiconductor in a high vacuum toc a temperature jusi below its
melting nnint. The impurity alous difiuse 1o tne surface of the sample and then

______ evaporate. If the
rate of evaporation is adjusted properly a junction will form.

In each of the methods just described a p-type layer is formed on the n-type base materiai. These
layers are approximately 0.00G5 inch thick. Leads are atiached to the two surfaces, and a photovoltage
is generated when photons of the‘proper wavelength are absorbed in the indium arsenide. The spectral
characteristics of this photovoltage are dependent upon the p-type material used in the fabrication. For
comparison, the spect’ra} regponse of a zinc alloy and a cadmium-~diffused cell are presented in Figures

5-82 and 5-83, respectively. The spectral response curve for an out-diffused InAs cell is the same as

£
1
1
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T
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3 t 2z 3 4 5 6 7
WAVELENGTH (u) WAVELENGTH (u)
FIGURE 5-82., RELATIVE SPECTRAL RESFONSE OF

FIGURE 5-83. RELATIVE SPECTRAL RESPONSE OF
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tor a zinc-all” yed sample. These celis were manufactured by Phiico. and their characieristics were

measused by NOLC (Reference 5-110). : :

5.58.5. TIME CONSTANT. The iime constant of these detectors is less than 2 ysec. This value

was determined trom the data published by Philco in their series of progress repoits and {rocm the four

detectors sent to NOLC by Philco tor cell feshng.

Interestingly envugh, no detecuable change in time constant occurs when cooling the cell to dry-ice

5 6.6. RESISTANCE. Since the photovoltaic mode is always used, the dark resistances reported:
in the literature are either frout resistance, Ri’ back resistanze, Rb, or dynamic resistance, Rd.
NCLC reports the dynamic resistance. e average value of dynamic resistance for the four celis

reported was 25 ohms. This is a very low input resistance for any preamplifier, and consequently

transformer coupling is required. The transformers used by NOLC were UTCHA 1U3A's which have
a 2.5-chm primary. Upon cooling the cell to dry-ice temperatures, the dynamic resistance increases
to a value above 20,000 chms.

Average values of the front and back resistance (determined from the Philco datil) are: Rf =
2.0 okms, and ﬂb = 40 chima. The production models today have dynamic resistances between 200
and 400 ohms."

The dependence of cell resistance upon the level of background irradiance has not been reported
up to the time of this report.

5.6.7. NOISE. The noise voltage specirum {or & typical cell is presented ¥ Figure 5-84. The
1/ f noise component is predominant out to a50ut 80 cps, after which the significant contribution 18
ahnt neise. Sincc the time constant 15 80 short, the radiaiivn may be chopped anywhere irom 80 cps
to around 100 kcps withc' . _radirg the signai-to-noise ratio; ho“"ever, beyond this point, the respon-

sivaly uelicases will L.Creasing frequency, and consequently a degradation in D* results.

5.6.8. DETECTIVITY. Thirty-seven room-temperature InAs detectors have Leen reported to
aaiv, ail consirucied by Philco. I'ney include detectors prepared by the three methods of fabrication

discussed in Section 5.6.4. Of these, 33 were reported in their periodic progress reperts, while the

13.. - . N
Private commun:cations with P, Cholot.
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FIGURE 3-84. OISE SPECTRUM FOR A TYPICAL InAs

CLLL
other four detectors were tested at NOLC. The average vaiue of D* (5009 K, 758, 1) was 0.8 0.5
9 -
X 108 cm-cpsl “ . watt 1. This correspounds to a D* (Apk, 750, 1) of 1.6 x 1()9 cm-cpsl/z-watt l.

9 cm - cpsllz-watt'l. Cholet (Reference

The best cell of the group had a D* (kpk’ 750, 1) of 3.6 x 10
5-118)'* states that with improved construction techniques, D* (Ap , 150, 1) §hou1d increase by a

k .
factor ur 8, or the averayge cell D* ('\pk’ 750, 1) would becoinie about lo‘a cm-cpsl'i‘z-watt-l. The

seusitive areas of these cells range in size from 0.25 ;nmz io 7.0 mmz‘.

The temperaturc dependence of D* is illustrated in Figure 5-85. It is apparent that an optimum
operating temperature exists near the temperature vi dry ice. The D* value at this optimum temper-
ature is better by a factor of three than the D* measured at 300°K. ’

Attempts at immersion have been made by Philco 1n the following way: the sensitive element was
immessed i Q dope (pulygtyrene) and a sapphire lens was attached. The spectral response of this
it howad woaia uuga'uaurpn -l 'bu..\. w.ound 3.v it caused by the polystyrene. Preliminarv measure-
ments with low-melting ternary glasses as an immersion medium have given excellent results; how-
ever these data have not yet been published.

HAaccording to privat% coxﬁxnumcatxons with Dr. Cholet, the average D* (A K 800, 1) of today's
InAs cell is about 5 x 10¥ cm»cpsl"z-wau'l. p
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5.7. INDIUM ANTIMONIDE. by Joseph Mudar, Thomas Limperis, and William L. Wolfe

5.7.1. INTRODUCTION. {intl the eariy 1930's, the eraphasis on infrared photodetecior deveiop-
ment was centered on thin, polycrysiailine films of the lead salts, PbS, PbSe, and PoTe. The advance-
ment of solid-state phyzics, particularly semicondictors, led toihe successiul doveleomant of a number
of techrigues for the preparatior of pare, synthetic, single crystals. These crysiais were considered
as potential infrared detectors. Shive {Reference 5-119) described such det_e(;.tors made of germantem
in 1950. However, the spectral response was limited to the intrinsic absor-’-- ‘on region of Ge, namely

wavelengths shorter than 1.75u.

There are two obvious ways io extend the spectral resbonse of bulk deteciors to longe:r wave-
lengths. The firsi is v add impurities which introduce allowed eleciron energy levels in the forbidden
gap, and the second is to choose materials which have a smaller intrinsic band gap. The impurity
approach has been used extensively with Ge. and is described ez .r in this report. The choice of
other materials which have appropriate band gaps has led to detecivrs fabricated from Te, InAs, InSb,
and GaAs. InSb, one ot the most interesting of all semiconductors, because oi its unusual properties,
is the sﬁbject cf this section. It is one of the intermetallic compounds made up of elements from
column IIT and column V of the periodic table. Many of its propeities are simiiar to the properties
of its neighbors in column IV, (e.g., Si, Ge, and Sn). Since In and $b are in the same period as Sn,

InSb should have many properiies similar to Sn-—— and it does.

xr 1y

_Welker (Reierences 5-120 and 5-121) made extensive measurements on the electrical, optical,
and mechanical properties of single-crystal InSt, These measurements showed that some properties
of the material have extreme values. (For instance, the electron mebility is very high — 60,000 cmz-

vort™ L sec L~ —at 300°K.)

5.7.2. PHYSICAL PROPERTIES. Indium antimonide has a gray, metallic appearance, very much
lihe wi. iL Crysualilzes 1 uic Zinic-Diende structure, has a melting temperature of 523%C at 1 atmos-
PULIY, 40U a SPECIIIC gL aviey 01 9.i6 At room temperature. [t exists only as a solid under standard

conditions of {emperature and pressure; in the moiten state it is an ideal solution of In and Sb.

5.7.3. OPTICAL PROPERTIES. The optical absorption has been measured by Moss, Smith, and
Hawkins ( Referepce 5-122). They measured the external transmittance of a number of very th
of a single crystal of pure material. Their results are shown in Figure 5-86. The absorption edge

(defined as the point of maximury slope) is seen to be 6.94 u at room temperature. This corresponds

to 0,175 ev for the band pgap.
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The position of the absorption edge is strongly dependent upon ihe temperature and the concentra-

tion of n-type impurity.

The apparent nptical energv gap of indium antimonide as a function of electron concentration {as

calenlated by Kaiser and Fan in Reference £-123) is shown in Figure 5-87. It is noted that for concen-
7T -2

F

tiatlons below 107 cm 7, the room-temperature absorption limit lies at 0.18 ev or 7 u, implying ab-
sorption iransitions that are intrinsic in nature  For evtrin<ic carvier concentrations varying from
10” cn{3 tob x 10:,8 cm__z, the absorption edge moves from 0.18 ev to approximately 0.50 ev, which
corresponds to a wavelength shift from 7.0u to 2.5, This behavior is anomalous; in most semicon-
ductors, impurity centers (iec'rease the opucal energy gap and therefore shift the absorption edge to

longer wavelengths. This unusual behavior is explained by Bursiein (Reference 5-124), who postulates

that lower sidtes oi the conduction band are progressively filled by electrons, so ihat absorption transi-

tions can only take place to the higher. empty, conduction-band states.

The variation of the optical energy gap with temperature might best be understood by examining
the band structure as a function of latiice spacing, which is shown in Figure 5-88. The normat lattice

10t
__ 0.6
) 2
0 > 0.5 L 4.0
E &
(3]
ut & 0.4-
& 2 L 3.0
i ‘n3—4 1
o Zz 0.3
= 2 - 2.0
e
5 Q 0.2+
Q‘ [

2 - - 1.0
! \ 0.1 T L —— T L ——
S 17 1018 101?
a v \ ELECTRON CONCENTRATION (cin °)
% 1\
2 \ FIGURE 5-87. APPARENT OPTICAL ENERGY GAP

OF InSb AS A FUNCTION OF ELECTRON CONCEN-

295°K TRATION
10 T T T T T T
2 3 4 5 6 7
WAVELENGTH (;1)
FIGURE 5-8b. ABSORPTION IN InSb
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spacing 15 that spacing which oxists when the material is atf room temperature. As the temperature
decreases, the lattice spacing decreases, thereby yielding an increased value for the energy gap. !
there is a ndrraowing of the valence ind conduction bands due to an electron-lattice interaction which
also vields a ﬁigher value for the enéryy gap. The net result of these phesomena is shown in Figure
58-89, At ruom temperature the energy gap is 06.175 ev. In the temperature range from 300°K to

1 K the change is linear with a slope of -3.3 x 10"4 ev,r"UK (Reference 5-100, p. 23C). Below 100°K

the energy gap is essertiazly constant, changing only 0.00 ev for a AT of 1007K.

Mcasurenenis vi the retracnve index of very thin single crystals of InSb with a carrier concen-
tration less than 10" em -3 have been made Uy Moss, Smith, and Hawkins {Refercace 5-122) Ricss
has subsequently constructed a theoretical curve on the basis of dispersion theory. Both the experi-
mental and the theoretical curves are shown in Figure 5-90,

Normal Spacing
|

NERGY
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Energy |
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Valence Band -

<

'LATTICE SPACING

FIGURE 5-88. BAND STRUCTURE Vs,
LATTICE SPACING
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5.7.4. INDIUM ANTIM'QNIDE PHOTODETECTORS. Single crystals of indium ant{ monide are

used in several ways to detect infrared photons. The ﬁrst and perhaps the most widely used is the

photovoltaic made. Here, incaming phalons are incident on or in the vicinity of 2 #-n junction of
InSh, and v resulting charge carriers generate a photovoltage. The second wmode, phoiveleclivmay-

netic, employs single crystals of InSh immersed in 4 magneiic {ieid. The wnirared photons cause band-
to-baud transitions, and the resulting charge carriers are separated By the magnetic field, thus generr:-'-
ating a signal voltage.. In the third mode, the change in conductivity is monitored. In this case, inci-
dent photons_produce hole-electron pajrs which altér the crystal’'s conductivity, and this is detectable

as 2 change in voltage. The spectral response of these cells s related dir-ctly to the intrinsic band
gap of InSb.

Impurity -activated crystals of InSt have been reported on by Blunt (Reference 5-125) in 1958 and
riacently by Engeler (Refere}zce 5-126) and Smith (Reference 5-127). These detectors include InSb
doped with Au, Az, and Cu. An extremcly long wavelength, impurity-activated detector employing
n:tvpe impurities which lié <lnse to the condtiction band has been reported by Smith. The spectral
responsc of these cells depsnds upon the ionization energy of‘:the impurity level. The detector types

mentioned above are described in detail in the following sections.’

5.7.4.1. The Photovoltaic Detector. There are two different types of photovoltaic det-ctors. The

first (historically) was constructed by pulling an InSb boule in the usual manner, but at an appropriatg‘k:_

time a jarge quantity of p-type impurity was introduced. Thus, a bar which has a relatively sharp
transition from n-type material to p-type mnaterial results. This is appropriately called a grown junc-
tion (more often referred to simply as a junction). The other type of photovoltaic detector is a
diffused-junction cell. These cells are préared by heating an n-type sample uniil a thin p-type layer
is formed on the surface. This may also be accomplished by diffusing p-type impurities such as zirc
or cadmium into the surface of a piece of n-type InSb. The detection mechanism is the same in both

grown and diffused cases; however, there 1s a considerable difference in cell geometry.

For both the grown junciion and diffused-junction types, the signal-to-noise ratio may often be
optimized by arplying a reverse bias to the p-n junction. The relationship between signal, noise, and
signal-to-noise ratio with ie applied bias current level for a typical detector is presented in Figure
5-91. In some instances, ihe optimum detectivity is obtained at zero bias. Besides increasing the
signal-to-noise ratio, back tva<ing also increases the absolute level of signal and noice voltage. This
eases the proulem ot low-noise preamphﬁers

The photovoltaic detectors have a theoretica) limit of detectivity which is larger by a factor of

.2 than the PEM or photaconductive detectivities, This factor comes from the fact that backgiound
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noise, which is the ultimate limiting noise svurce in detectors, manifesis itself as both generation
and recombination noise in-the PEM or photoconductive detectors, but only as a generaticn noisv in
the photovoltaic detector. The net effect is a V2-higher noise in PEM or photoconductive detectors
(see Chapter 3 for a detailed discussion of noise).

5.7.4.1.1. Gruwn Junction ( Photovoitaic). The principie of the grown junction is illustrated
n’ .gure 5-92. A potential gradient is produced at the jurction of the p- and n-material. When radia~
tion ig incident on the bar, eiection-hole pairs are generated, and, by the process of diffusion, these
charge carriers approach the elcctric field al the junction. This field causes the holes to be swept
across the junction intc the p-iype region, and the electrons are swept into the n-type region, produc-
ing a photovoltage between the leads. The sensitive area is defined by the width of the junction
{usually about 58 1l and the brasde, o7 ]

Sie Les. Daucmely smald sensitive arers may he ublai

by this construction technique. These long thin sensitive areas are ideally suited for some scanner
applicatione, :

Chicagn Midway Laboratories (now LAS, Laboratories for Applied Science, The University of
Chicago) mmitiated (Reference 5-128) the work on wrown-junction detectors and reported the chara -

teisiics of many cells fabricated in this way.
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. FIGURE 5-92, GROWN JUNCTION -
) ’ 5.7.4.1.1.1. Noise Spectra. The three grown-junction deieciors masufactures by LAS and measured

by NOLC (Reference 5-128) had considerably different noise voltage spectra (see Figure 5-93). They
"af} had a 1/f component; however, the irequency at which this component became insignificant was
different for each detector. Two of the detectors, PV-51 and PV-52, which had an optimum back bias
of about 2.5 volts, displayed o 1/f{ component out to IOOQ cps where the noise became white. The white

noise 1s protably shot noise {see Chapter 3 for a detailed discussion of noise). The third deteétui',

PV-20, had a 1/{ noise power spectrum out to the limit of the measurement (104 cps). Interestingly

' enxuﬁgh, detector PV-20 had a zero optimum back bias.

5.7.4.1.1.2. spectral Response. A typical spectral response curve (Reference 5-130) for liguid-
nitrogen-cooled, InSb, grown-junction detectors ‘s shown in Figure 5-94, The long-wavelength cutoff
is about 5.7 u, which agrees nicely wiilt what one might predict from the band gap. The departure

- . from the approximate saw-tooth configuration which one associates with quantum detectors s possibly

= due to a "'disturbed" (Reference 5-131) layer which forms on the junction and is caused by the etching
setion,
?l 5.7.4.1.1.3. Timé Constant. The time coustant of this detector is generally less than 2 psec. This

means that maxl’nlmum responsivity exists out to chopping irequencies ot avout iuﬁ Cps. beyond ivwu
= cpw, the noise is wiilie {us the bach-Liased delecivi s, Winsequently no INCrease in 3ignai-to-:
can be expected for chopping frequencies beyond this point. At frequencies higher than 10~ cps, the
respansivity begins (o degrade due to time-constant considerations, and thus an optimum chopping

5
treauency lor this detector type woild he between 1000 cps and 107 cps.
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3.7.4.1.1.4. Impedance. For junction-type detectors the impedance must be 1eférred to as u back,

forward, or dynamic impedance. The latter is defined as

AE
o A AE
“a 2 a1

where AE AT is simply the slope o! the rectification curve (E vs. I). An average value of the dynamic

resistance determined from the reported data is about 41 kohms.

5.7.4.1,1.5. Detectivity. Difficulties are encountered in associating a D* value with a grown-junction

ce'l. The reason for this is the peculiar sensitivity ¢ { Pigure 5-95) which presents a problem
in defining the detector area. One can see by the figure that the breadth of the junction may be con-
sidered as large as 100 4. However, the junction breadih is often defined as the distance between the

points where the relative response falls to 37% of the maximum value.

100

-4
9
ZIE TR .
:vl

n-iype p-iype

-8B 604
o . B
2
2 40 38y
< —
8 20
o /

o T T T T T

60 40 20 0 20 40 60
SPOT POSITION (u)

FIGURE 5-95, SENSITIVITY PROFILE ACROSS p-n
JUNCTION OF 1 TYPICAL GROWN-JUNCTION DE-
TECTOR. infrared spot diameter ¥ 25 4,

Table 5-13 1s a list of the detectors and their characteristics which was published by LAS and
NOLC. It is interesting to note that 11 of the cells have two entries in the table o fos the rocnles
of measurements in the unbiased condition; and the nther for meaturements in the back-biased con-
dition. This 1s illustrated in the histogram in Figure 5-86. The shaded area represents detectivity
values obtained on the back-biased cells and the blank squares represer: the unbiased detectors.

Little can be inferred from this histogram since only 28 cells are listed: however, indications are
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FICURE 5-86. HISTOGRAM OF GROWN-JUNCTION CELLS

that the average D* value of the back-biased detectors exceeds the average D* value of the unbiased
cells by about a factor of 5. The highest D* (500°K, 90, 1) was from a back-biased cell which had a

{
value nf 5.4 x 10J (a factor of about 4 from the theoretical limit of detectivity).

The efiect of increasing background teraperature on the detectivity of grown-junction cells has
not Luen determined as yet, Measucgraenis of this type have been made on the diffused-junction cells.

These data are described in the photovoltaic diffused-junction section.

Commervcial manufacturers of grown-junction photovoltaic detectors are Radiation Electronics

Corporation, Polan Industries Inc.. and the Crosley Division of the Avco Corporation,

5.1.4.1.2. Diffused Junction ( Photovoltuic). The formation of a p-type suriac. on o1 oy

inSh slab was discovered by Guldberg at LAS early in 1956, The p-type svrface was produced by
heating the slab to 450°C in a vacuumi. The resulting p-n junction proved to be highlv photosensitive
ity
i

at 77 K. The mechamsm ol signal generation by incident radiation for diffused-junction photovoltaic
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deteciurs 15 dentical to the signai-generation mechanisin 2f grown-junction getectors. Over the past
tew vears the diffused-iunction detector has becsme the more popuiar of the two. There are two
reasons tor thie: tirst, the diffused junctivir detector is not restricted to a line -configuration as in the
srown-junction detector. For example, ditinsed-juncticn detector areas of 8.20 mmz w 36 mm2 are
readily avaddable [rom e manufacturers today. sSecond, the method of manufacture is more adaptable

to large-scale manutacturing techniques.

 5.7.4.1.2.1. Spectral Response. A typical spectral-response curve is shown in Figure 5-97. This

responsc iy egsentially that of a quantum detector having a peak at 5 u and a cutoff wavelength at
3.3 1, compared to a grown-junction cell which has a peak at 5.5 and a cutofi wavelength at 5.7 ..
This difference is due to long-wavelengin radiation being absorbed so deep in the crystal that carriers

produced recombine before diffuging back to the junction region of the diffused junction.

100 —_— . i ——ian y
;5 V4 l
= 80+
h
4
& 60
o
4|
o
-~ AN !
Wi IV
> /
£
< 20+
)
I
0 T T [

T 1
0 1 2 3 4 5 6
WAVELENGTH (u)

FIGURE 5-97. TYPICAL SPECTRAL RESFONSE FOR
DIFFUSED-JI'NCTION CELLS

5.7.4.1.2.2. Time Constant and Frequency Response. Since the time constant of InSb detectors is of

ile order of 1 asec or less, the frequency spectrum of the responsivity should be fiat out to at least
5

107 o Howover

TSR R S S R - : : “nrm 1,’("1 the a0

should mcrease with chopping frequency until the detector Is in the white-noise spectrum.

LA IR

5.7.4.1.2.3. Noise. Twonomse voltage curves are shown'in Figuie 5-398. Curve A was selected from

data published by NOLC and 15 typical ot the noise spectrum of exarly diffused-junction detectors, The
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predomin2.i noise sovrce appears to followa 17§ law where nn

s b 8.2 io 0.5, Recenily, how-
ever, Levenstein (Reference §-47) and Beyen et al. {Reference 5-132) nave repcried measurements

on ceveral InSh diffused junction dei

TS With Jeicciivities which wers aboui a factor of 1,2 below

Gic i chicar L al chupping ireguencies of Y00 cps. Curve B is & noise-spectrum curve associated

»
n

with these recent detectors a-d shows the white-noise spectrum beginning at abeut 500 cps.

&

“
i
i

As shivwn in Table 5-14, the cell noise voltage ranges in value from 1,1 to 200 x 10_9 voits. Such
sinail nvise vuliages require very caretul preamplifier design (Reference 5-133). Back biasing pro-

vides some help on this score by increasing the detector impedance.

5.7.4.1.2.4.. Cell Impedances. Cells can be made having a wide range of impedances. The majority
of the cells reported had dynamic impedances in the 500-ohm to 1000-ohm range. Currently produced

cells have impedances in the 1000-ohm to 10,000-ohm'® range, depending on cell area,

5.7 4.1.2.5. Detectivity. The magnitude of ihe photovoltaic signal will depend on the number of hole-
electron pairs generated and the number of these pairs that are gseparated before they recombine.

Decreasing the recombination raterwil), therefore, increase the signal voltage. The recombination

|

1.0
A .
5 i Philco Cell No. 1SC-301
)
| B
110 ~
e
4 - .
2 , —
P4 B Texas Instruments
i Cell No. TI 1-211
‘I -2_ ] - - _ —r T N T T
v l‘ H t I fl , i | Ty
10" 102 ‘ 109 104

FREQUENCY (cpsj

FIGURE 5-93, InSb PHOTOVOLTAIC DIFFUSED-TUNCTION NOISE SPECTRUM

1a . - -
Private communicatiorns with Werner Beven.

500 e SR T %A

i
o

f ® ¥
B A AT BRI Y,

Con

*n
)
n

4

IDENTIAL

4,

[ T | P
I“nl"!’!ﬂ -

“

i




[y

SR S DA 5 Y AR R

. 5 0
To "y e o modemiees e

CONFIDENTIAL
Institute of Science and Technology The Univeriity of Michigan

that t.kes place in the bulk of the surface-layer can be'redyced by reducing the thickness of the sur-

face Jayer Recombinat on a: the surfacs con be roduccd by proper eichiig and cleansing techniques.

The detectivity is also a function of the initial impurily conient of the bulk material. Philco

. . . . : . . 15 . 3
Corporation reports on optimum impurity doping of about 5 x 1077 impurities, cm' . .
e

Since the InsSb "éntJm—tempnrature energy band gap is 0.18 ev, photovoltaic detectors must be
cooled to decrease the number of thermally generated hole-electron pairs and thereby establish the

junction in order to obtain high detectivities. Very little is gained in coocling belo.s 7°K.
Boeing Aircraft Company has periormed a study of shotosaturation effects on infrared quantum

due to aerodynamic heating of domes in infrared seeking missiles. The responsivity and noise of

variqus detertare wera mensured w2 2 function of intensity of backgraund radiation. The background

radiation was measured in units of effective watts/ cmz. This effectiv  .Jlux density is obtained by

multipiying the spectral power density of the saturating source by the normalized spectral response
of the cell. The degradation of normalized detectivity of an InSb diffused-junction photovoltaic detec-
tor is shown in Figure 5-99. This degradation is due entirely to an increase in noise level. The

respbnsivity remuined constant over this flux range.

1.00

id 11k

|

L

it

"NORMALIZED D* '
° H
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0.0! H " "”’T LA Y Y T LR T AL S A R B vor vy

1077 07 073 1072

BACKGROUND RADIATION (effective watts/cm?)

FIGURE 5-u9. D* VS, BACKGROUND RADIATION IN DIFF UsED-JUNCTION CELILS
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Table 5-14 is a vompilation of the data on InSb diffused-junction detectors reported by NOLC, T1
Philco. and Svracuse University.

The number of cells in a given detectivity 1ge vs. detectivity are pluited i hisiograin torim
- . s 10 1,2 -1
Fimure 5-i00, {'he highest D* {(500¥K,——, 1) value reported was 2.1 x 10 cm-cps‘\"‘-watt for
a Philco Corperation detector measured at Syracuse University. This cell apparently has an angular

field ot view of 130% Normalizing this D* value to a 180° field of view piaces tha detactinty of this

cell at only a factor of 1.2 {or 20%) from the theoretical limit. The histogram showu; a mode at

D* =2 x 10" cm-cps /2, watt'1 or about a factor of 10 from the theoretical limit. The average detec-

tivity is 3.7 x 109 cm - eps 172 -watt_l. Ratios ut D* (500°K,—, 1)/D* (Apk,-—, 1) were in a narrow

/
14 - /
13- T
| o . :
12 D Philco !
114 ] Philco (back bias)
107 TI
3 97 LAS
- |
& 8o
<%
2 1 r._J .
[«
& Theoretical Limit for 180°
E Sy Field of View —___
Z.

"ZS
NN E—

%%

A ™ 1 : 7 B
U,f'i—d—LLh ' — Jzi msa 4 i
T T 1 [} B H
60 80 100 120 160 180 210
D*590°K. . 1) (cm-eps’ Zowatt’ ) x 108
FIGURE 5-100, HISTOGRAM OF DIFFUSED-JUNCTION CELILS
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range of about 5.0 with a maximum of 5.4. Only the D* ratios of cells showing a quantum-detector-

typa spectral respse were contidered in these resent-diy manufacturers of this detec-

tor pan furnish oolls with DY {S00YK, ——, 1) values of 5 x 10 . jugner detectivitics are furnished at

an ucleased price.

Commercial manufacturers of the diffused-junction, photovoltaic, indium antimonide detector are
Texas Instruments and Philco Corporation.

5.7.4.2. Photoconductive Detectors. The increase in electrical conductivity caused by radiation

1acident on the crysial is the mechanism utilized in photoconductive detectors. The direct effect of
this incident radiation is an increase in the number of mobile charge carriers in the crystal, If an
impinging photon has energy greater than the energy difference between the highest point of the filled
valanre band and the lowest point of. the vacant conduction band, then there is a high probabili:ty that

the absorbed photon will create a kole-electron pair. Both the hole and the electron may contribute
to the increase in conductivity.

Shortly after Welker's original work on the compounds iormed by elements in columns III and V
of the periodic table, Avery et al. (Reterence 5-135) demonstrated that InSb had phatoconductive prop-
erties out to 7 4 at room temperature. Goodwin (Reference 5-138) demqnstraied that excelient cooled
det. e could be made from InSb which were sensitive out to 5.5 4. Due tu the vefy short carrier
lifetime in InSb it was previously felt that this material would be unsuitable for photoconductive detec-

tors because of the small signal voltage. This signal voltage was a factor of 10 smaller than that
vbgerved in photovoltaic InSb. However, the noise level at frequencies sufficientiy high to be out of
the 1/ [ region is about a factor of 10 lower tl.an the noise level in photovoltaic detectors at the same
frequency. This results in a comparable S/ N ratio, Photoconductive InSb detectors now compare

very favorably with photovoliaic detectors. They have detec’(l\fltigs as high as D* (500, 1080, 1’ =
1 .

2 1 - .
1x10 10 eme.eons /z-'.l.r::.tt 1. or 4 factor of 1.5 from thevrelical limit (Reference 9-137). Commercial

detectors are now available which are operable 1n a temperature range from 777K to rvom tempera-
ture (Reference 5-138j.

Al detectare have heo s nade [rang crown Cingla Gy sials of IS0, 16 wblaiu tee putily required,
the individual conctituents

T 2;mA Cha . -
£, i1 &046 &0,

must be Zune-ceiined as well as the InSb compound. Due to the
small energy band gap in InSb, a lurge number of electron-hole pairs are thermally generated 4€ room
temperature. The conduction will be dominated by these intrinsic carriers for impurity concentra-

- 16 3
tions of less than 10~ atoms. cm”. Therefore, impurity measurements for values lower than 1016
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. 3 ) . : Lo
atems “cm’ must be made at lower temperatures, This is usually accomplished by making liguig-
mitrogen Hall measurements. :

. Slices cut from these bouler are lapped, polished, and etched to the desired thickness. They can
be as thin ax 4,/ {Reference 5-137). Contacts are usually soldered to the ends and protected ‘u‘.‘:».fg)re
etching. . - : '

. [ o .
5.7.4.2.1. Spectral Response., Typical speciral response curves for 777K 1037Y 54 255%x%

are shown in Figure 5-181, The 77°K curve is for a Syracuse University detector and is similar to
the phoivvoliaic response curve having a peak at about 5 u and a cutoff wavelength at about 5.5 u. The
1'93°K curve is for a Texas Instruments detector operating at solid CO2 temperature. The increase in
operating tempeatuse resulls 10 2 speciral-peak shift iuv about 6 2. The 300"K curve is based on data

frorn a Mullard Limited of England ORP-10 detector. This curve shows a peak at 6.5 with a cutoff
wavelength at about 7.3 1.

5.7.4.2.2. Frequency Response and Time Constant. Although no curves of signal voltage vs.
chopping frequency were found in the literature, LAS repcrts a flat frequency response out to about

75kes (Reference 5-138). Due to the short time-constant characterigtic of InSb tke frequency response
shanld be flat out to at least whis frequency. Practically all of the detectors reporied had a time con-
stant of less than 1 usec. However, Syracuse researchers (Reference 5-139) discuss the occurence

‘of two time constanis; one of less than 1 usec, the other several microseconds. Figure 5-102 shows

a response to a square radiation pulse with two decay slopes appearing.

—_ [ ]
2% 100 300°K
]
7]
Z 804
o] -
9 byraf.usy
0
B go+ /
l& - -
w / .
>

- =
g g
. :
2204 A
e o \ G

ol /l}’lnllar’d OR'F'IO - - - S i TIME
V) 1 2 3 4 5 6 7 8
WAVELENGTH ()
FIGURE 5-102, RESPONSE OF
FIGURE 3-101. SPECTRAL RESPONSE OF InSb PHOTO- InSb TO A SQUARE RADIATION
’ CONDUCTIVE CELLS PULSE. Two decay modes appear.
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. : 5.7.1.2.2

. Nuisc. A typical noitse s* ectrum is shown in Figure 5-103, The main centribution
appears fo be 1,'{ noise out to 10” cps. Since these noise voltages are extremely small (of the order

-9, (.8 ... . . .
13 71, 10 7 woit), great care must be devoted to the associated electronics to insure that the svs-

nf

tem 1 aclecior -noise limited. Since the signal voltage does not vary with the chopping frequency in
3 . . .

the 1. { region, chopping at a frequency of about 10~ cps should result in maximum signal-to-noise

ratio and consequently maximum detectivity.

07°— ’
: B TI-115-PC (15ma bias)
] o Typical Cell
& B | TI-124-PC (Tma hias)
5 ol
< 2] ———
=
. B -
o
4
10'9, T = L —T T T
10 EECA T
FREQUENCY {cps)

FIGURE 5-103. NOISE SPECTRUM Oi-‘ PHOTOCONDUCTIVE
InSb

5.7.4.2.4. Cell Resistance. The majority of cells reported indicate that the impedances may
be divided into two groups: low-impedance cell produced by TI (10-100 ohms), and high-impedance

. cells made by LAS (1-10 kohm). The higher impedances of the LAS cells may be attributed to t' o
\Iactors.

A
{1) A lower impurity concentration (about 7 x 101" impurities/ cm3), therefore 2 higher

resisiivity material {Reference 5-140).

o
~

The LAS cells were operated at 77°K compared with 19301( operation by TI.

5.7.4.2.5. (Confidential) Detectivity. As described above, there are two types of Insb photo-
conductive detectors, which are called low-impedance and high-impedance cells. Low-impedance
cells are optimized for pcrformance nt 1029 Rick fmprdon o colls cae vpliniec s il pesus dialet
at 71°K. The ranges of vaines are given 2bove. It is interesiing v note that detéctors with imped-

ances as high as 40 kohm have been reported ( Reference 5-141). These cells were coastructed from
) -3 .
material v1th an impurity content of abont 1012 cm . High-impedance cells of this type can be manu-

factured with large thicknesses, since the signal voltage will not be shorted by the high resistance
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vulk. Lhis leads to a mechanically rigid cell- which is amenable t2 mas

On the oiher

hand the low-impedance cell must have a thickness of approximatelv 10 u ir crder to maximize the
SN P aiio.

The temperature dependence of detectivity is quite different for the two detector tj'res. ‘This is

(;. shiown m:-'F:g:ur;g' 5-104, where the S /N ratio is plotted as a function of reciprocal temperature. The

\g low-impéidance detector dat2 were taken from a Texas Insiruments progress report (Reference 5-142).

:5 while l'nE.‘. nigh-impedance daia were taken from a yyracuse University report (Reference 5-141). The ;
§ ) figure indicates a rather important point: the S/ N ratio of thin {or low-impedance) detectors remains :
% relatively high for temperatures between 30°K and 200°K. This means that the low-impedance cells

-

can be vperated at dry-ice temperature without serious degradation of the noise equivaien¢ power. ‘
Syracuse University reports a decrease in detectivity by a factor of 6 when their low-impedance

detector is operated at solid C02 temperature instead of at liquid-nitrogen temperature.

3

E————= AT PR

I}
PRENSRCRERR S S
[ L
(=) (=3
(=] pob
g ol
o

107 o
Low Impedance
2 ] /—\/ 4
olO‘: / ‘
E ] s :

o

z /

P !

High Impedance

L L R L L L L B AL
3.0 7 9

11 13 15
1000 T (Ox'l)

.FIGURE 5-104. S/N RATIO VS. TEMPERATURE FOR
HIGH-AND LOW-IMPEDANCE CELLS

1T

Commercial rells which are made to operate adequately at drv-ice temperaiures are avaijlabie

today . In general, these low-impedance cells also have a hicher S° N raiio at ligmd-pitrosen tempiras

b

tures than their high-impedance counterparts.

el
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The significant advantage of the high-impedance cell is that the generated signal and noise voltages
are larger than in the case ol tie low-1mpeddance cells. In fact, this was the reason for their develop-
ment. These higher voltages and higher impedances ease the problem of selecting ajmropriate elec-
lronics w ansure thai the svstem is detector-noise limited. Table 5-15 lists the photoconductive
detueters reported in the Literature along with their measured parameters. The bighest detectivity
reported for a cell operated at 1939K is D* (500°K, 840, 1) = 1.2 x 10° cm. cpsl/z-watt-l, which is
ahout a factor of 12 from ihe theoretical limit. The highest deteciivity reported for a cell onerated

at 777K is D* (500°K, 1000, 1) = 10' ¢m- cpsl" 2mwatt—l, which is about 38% down from the theoretical

- limit for 180° field of view, The detectivity at the wavelength for wtich the spectral response is a
_ y g

maximum is about a factur of 8 greater than 500°K blackbody detectivity for liquid-nitrogen-cooled

detectors. D*( SOOOK,— -, 1) and D* (2 pk? 1) values for 9 cells were listed, D*(Apk,——, 1)/
D* (500°K.——, 1) = 6.1 for the largest D* (A e ~—» 1) value, and D* (A, —, 1)/ D* (500°K, —,
1) = 5.2 for the smallest D* ()‘pk’ ~—, 1) value. The average value is 5.7. '

The aptimum bias currents for the high-impedance cells are in the range of 30-300 za. For the
low-impedance cel's, larger values of bias currents {5-35 ma) were required for optimum operation,,
Figure 3-105 shows the detectivity of these cells in histogram form. Nothing specific can be said %

about detectors operated at 77°K other than their detectivities range in values from 2 x 10e cm: cpsl/z-

7

watt_1 to 1()]“O cm.cps” “. watt-l. The detectors operating at 193K have detectivitie« grouped about

e
a DT 1939K f= 940
) LAS 779K f= 90
© LAS 779K f- 1080
9
C
o
23]
[+9}
s
o
Z
n sl e nm o
60 70 80 90 100
. fo) 172 -1 8
D¥(500Y K, —, 1) (cm- cps wati ) x 10
FIGURE 3-105. HISTOCGRAM OF PHOTOCONDUCTIVE CELLS
Confidential
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B 12 o - - T, . . s
5x10° cm- cps .watt™ ', Commerdial mauafaciurers ot photoconductive indinm antimcnide de-
tectors are:

(1) Mullard Electronics Producis, Lid.
3] iativii Elecironics Corporation
(3) Texas instruments Incorporated
{4) Minneapolis-Honeywell Regulator Company
{5) Block Associates. Ine

5.7.4.3. PEM Detectors. Detection of radiation by the PEM effect has certain advantages over

photoconductive and photovoltaic methods. Cooling of PEM detectors is not required; therefore, in

InSb, the long-wavelength cutoff is extended to about 7 1. This also simplifies detector design by

eliminating the dewar systems which employ infrared window materials: of course, a magnetic field

must be supplied. PEM detectors are operated wyithout 2 bias current, thus eliminating this as a
noise ‘sour('e.

Briefly, the PEM effect can be explained by tne following mechanism. Photons impinging upon
semiconductor crystals are absorbed at or near the surface and create hole-electron pairs. The

excess concentration of these mobile carriers near the irradiated surface leads to a diffusion cur-

rent tor both electrons and holes. The curren’ direction is owaxd the opposite unirradiated surface.

A magnetic field normal to tie diffusion current will deflect the electrons and holes in opposite di-

rection as-sowii in Figure 5-106. The excess concentration of these carriers at the electrodes A
and B gives rise to the signal voltage.

Shortly after Welker's initial work on InSb, Kurnick ¢t al. {Reference 5-143) demonstrated that
this compound could be used as ain uncooled PEM detector. Due to its high carrier mobility and

short lifetime 1t was shown that InSb is a particularly favorable fnaterial for PEM detectors.

A successful manufacturing technique has been to cement a thin slice of single erystal tc 2
vlass plate. The shice 1= then lapped and polished down to about 25 . Detector elements of the de-

sired dimensions are cut from the crystal, with the glass backing retained to give strength and rigz-
wity. Leads are attached and the element i~ vivern o final ¢

ULl MMl desa s woadieniiess,  ine
vlement 1s thernr [dstened between tha nolo oi

£eis of a permanent magnet. The detecior need not be

hermetically sealed, since operation in the atmosphere does not adversely affect performance.
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FIGURE 5-10%, SCHEMATIC REPRES-
ENTATION OF THE PEM EFFECT

5.7.4.3,1. Spectral Response. A room-temperature spectral-response curve {8 shown in

Figure 5-107. This curve is essentially that of a quantum detector having 2 peak at about 6.0 and
a cutoff wa--zlength sliglitly bevond 7.

5.7.4.3.2. Time Constant and Frequency Response. The time constant is less than 1 ;sec.

5.7.4.3.3. Noise. A typical noise spectrum curve is reported by NOLC and is shown ir
Figure 5-108. If thc equipment used to measure the signal 18 a high-impedance device, the detector
signal can be considered te be an open circuit voltage. Since these detectors are cperated without a
bias current, the noise components are 1,f for low frequencies (f < 100 cps), and Johnson noise for
higher frequencies. According to theory, generation-mcombinntioﬁ noise should Le negligible since
it is a function of the mean value of the current.

. r

5.7.4.3.4. Cell Impedances. All of the zeils reported had low impedances, ranging from

4.5 ohms to 98 ohms. 7 -

9.71.4.3.5. Detectivity. One of the controllable parameters in obtaining an optimum detec-

tivity 15 the cell dilckness d. From i theoretical view point the response should vary as 1,d, while
the noise ohe M tary ds oL

Theretore, the signal-to-noise ratio should vary as 1/7d. These
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FIGURE 5-107. TYPICAL SPECTRAL RESPONSE OF AN
InSh PEM CFIY at 2000,

re‘lllat!onshlps hold down to the absorption length of radiation in the material. For InSb this is from
14 to 10u. Optimum cell performance should, therefore, result ior thicknesses ci the order of
1-10 u. Since signal strength is a linear function of magnetic field strength, the latier should be as

large as possible, consistent with practical detector gzumetry. Table 5-16 lists the PEM detectors

reported in the “iterature along with their measured parameters. A histogra.n of these cells is
given in Figure 5-109. All of the D* (500°K,—~, 1) values lie in 2 region from 107 to 6 x 107

cme cpsl/z- watt'l, with the \inajority of the D* (SOOOK,—, 1) values in the 2.5 x 10'1 08x 107
cme cps]'/2 . wa‘f1 region. These values are about 2 factor of 500 from the theoretical limit. The
highest detectivity reported is D* (500K, —, 1) = 5.6 x 107 cm- cpsl/zo wat'."l by. LAS, which is a
factor of about 300 from the theoretical limit for a 180° field of view. Rat'og of D* (500°K, —, 1)/

D= (Apk,— » 1) were fairly consistent with the majority of the cells having ratios tzom 2.8 to 3.3.
The average ratio for the cells listed was 3.1, “Using this relationship, one has D* “pi" —, 1) =
3D‘(500°K, -, 1), Private communications with cell manufacturers have indicated that D* (SOOOK,
—, 1) values of 6.0 x 107 em -cpsl/z-watt'1

are guaranteed and that the best cells measured to date
have D* {500°K.—., 1) values nf ahnnt a fantsr f

i 3
a2 & du SJIC‘L .
Commercial manutacturers of PEM indium antimonide detectors are:

(%} Minneapolis-Honeywell Regulator Company
(2) Radiation Electronics Ccrporation

(3} Texas Instruments Incorporated
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FIGURE 5-108. NOISE SPECTRUM FOR PEM CELLS
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- These high-purity crystals have donor coicentrations of about 4 x 1014 em Y,
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FIGURT 5-109. HISTOCRAM OF D* VALUES FOR PEM DE-

o ORS
TECTORS

5.7.4.4. Impurity-Activated InSb Detectors. There are presently two approaches to preparing

extrinsic InSb detectors. The first depends upon the addition of known amounts and types of impur\mes

to the parent latiice, and the second urilizes the impurity levels which exist in high-purity InSb crystals.
) 3

~ In the first case, the introduced impuritiss Cihange the elecirunic siructure in the immediate vicin-
ity of the impurity in the crystal, This change results in the introduction of allowed electron energy
states i+ the forbidden band. Fig{nre 5-110 is a simple band picture of InSb along with the a'lowed elec-
tron energy states introduced by. copper, silver, and gold. The numbers adjacent to these energy states

refer to the separation (in elecirun volis) beiween the level and the valence bard (E_ ). Bluat (Refer-

o»/
4

ence 5-144) determined the energy levels of Cu in the inSb lattice by measuring the conductivity and
Hall coefficient of doped samples as functions of temperature, Photoconductivity measuremerts were
also made on these phototype detectors. D* values shown in Table 5-17 (T = 5°K) were calculated
from Blunt's data. It shoul& be noted that no effort was made to optimize the NEP when constructing

TNC3€ « Gt badi wtla and resisuvily MedsSluemients were the primary objective.

The levels introduced by Ag, Au, and Cu were determined by Engeler (Reference 5-126). The
measurements on the Cu leveis agree with those of Blunt. Measurements on prototype InSh:Aull
(implying the second level of gold in the InSb lattice) detecturs have beeu reported by Borrelio et al.

(Reference 5-78).
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~ 0.07
0.056
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’ 7 7
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Ve /// S S,

VALENCE BAND

FIGURE 5-110, INDUCED IMPURITY LEVELS IN nSb

TABLE 5-17. D* VALUES CALCULATED FROM BLUNT'S DATA
Cell No. Copper Impurity Level D*(x ., 450 cps, 1)
~rr = '/ -
(ev) (cm - cpsl‘ 2 watt 1)
c-51 0.023 3 x 10°
C-68B-3 0.058 2 x 107

Another method of constructin, impurity-activaw-u InSb detectors is simply to take high-purity
InSb (about 1014 cm'3 donor impurities) and utilize the impurity centers which introduce allowe”’
electron energy levels in the forbidden band (quite close to the conduction band). If the impurity con-
centration i5 greater Ulan 0t ¢cm™", the impurity centers will lie close enough to each other to
interact and produce a number of degenerate states. In this situation it is extremely difficult to depop~
ulate the extrinsic electrons from the conduction band by cooling the sample. However, if a magnetic

field is applied, the interaction between impurity centers decreases and the ionization energy will
SO L O e prereasid,

conseguently, a detector may be fabricated from this material with an
eawinsic long-wavelength cutoff corresponding to the ionization energy. The ionization energy is a
tunction of the size of magnetic field employed. Putley {Reference 5-145) reports a laboratary sample

of n-type InSb which exhibits @a minimum detectable power per unit bandwidth of about 5 x 10'10 watt

194 ~ass
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~-1 A 10
at 0.5-mm, 5x 10 1 watt at 2-mm, and 10

watt at 4-mm wavelengths. The samnle dimy
were 0.5 x 0.5 x 1.0 cm. Indiv

m electfodes were applied to 0.5 x 1.0 ¢
was applied at right angtes to the (hirectin

21ns8iuns
2 Lo

m" faces. The magnatic field

t 11ow and of ihe incigent radiation,

tin Putley and
Smith { Referanna 5.1464) report a response nutto 2mm for a similar-type detector,

These impurity-activated InSh detect

LOr's are in a very early stage of development and little can
be said about their characteristi

¢s except for the speciral respohse, which is of course determined by
the iunization enercy  Indicntson. 47, hbwever, (N4t te [nSb:Aul] detector will provide a high-
impedance detector in the 6-u region. The second type of cell mentioned above should prove valuable

as a detector of electromagnetic radiation in the spectral region between infrared and microwaves.

.
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UNUSUAL DETECTORS

Gwynn H. Suits, Thomas Limperis, and William L. Woife

The infrared detectors described in (‘onsiderath datail in the proceding Clapier emgloy photo-
valtare, photeconductive, or photoelectromagneiic phenomena to trangduce the intrared signal into an
electrical vutput. These transducing processes are by no means the only ones availab'e to the infra-
red physicist. In the past few years several new urocedses which merit discussion have been men- v
tioned in the literature, These are:

{1) The infrared image-position indicator
{2) Detectors based on microwave techniques

13} Detectors based on vptical-pumping techniques

None of these detectors b ive yet been produced in sutficient quantity to permit a comprehensive
examination of their limitations or advantages. The information that follows is therefore based upon

limiied data and thecretical considerations of the processes involvad,

6.1. THF IMAGE-POSITION INDICATOR
In 1957, Wallmark ( References 6-1 and 6-2) reported a method for determining the pgsition of a

small spot of light o a detector surtace. He shows that a diffused-junction pnotodetector produces a

voltage diference between two points on its surface. This Jateral voltage is dependent on the dis-
tance of the light spot from the elecirodes. The voltage is a result of the lateral photoeffect, described
as follows: when radiation strikes the surface of a junction, as shovn in I igure 8-1, hole-electron
pairs are generated. As is the case in conventional photovoltaic detectors, the holes move to the p-
type region and electrons to the n-type region (see Chapter 3). If the cunductivity ot the p-region 18
muich larger than that of the n-region, the holes will quickiy becorie uniformly distributed throughqut
the 'p—rvgu)n. Meanwhile, the electrons will have moved only stichtlv Thiie cameo of U0

N . .
ain hvl\. O Wil

have mgrated far Irom the initial disturbance ‘will cross the junction mto the n resion

. which have moved buat little
irom the spot ot Light. A current will then {low until charge ncutralization vccurs. The tlow of cur-

rent causes a potential difference V, a function of the resistivity () «f the material and the lateral
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X

V“f""sd" (8-1)
0

The transverse photovoltage (voltage across the junction) at the point of illumination is given as VA'
For points away from 1he illuminated region, the transverse potenlia; will be VA - V. The transverse

current density, J v may be calculated fr~m conventional juncticn theory ( Reference 5-3).

P N I ) ] .
Jt‘{s{e"p\;k'r(vm V)J! 1} (6-2)

1S a constant

J

[¢] 1$ the charee

k is Boltzmann's constant
T

1e the absolute temperatury:

The relationship between transverse current density and the lateral potential V may be cbhtained by,
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rent crossing the junciis.
2 . Ao}
vV = -pd /W fR-T

“heau W us tile UuCKness of the n-region. When Equation 6-2 is substituted into Equation 6-3, there

1.
TE3uULL-

(6-4)
J

Consider the simple case of one dimension {the x direction),

——dz‘i By ’exp [—«q (V, - V)} -1}
de Wos kT A IR
and by integiation

s a . 1 .'2

1 2pF kT 1 .
dv s q q N
—_—= — | - ' 7 . -
= | Tqw ;exp KT (VA \% *T V K_IJI (6-5)

where K is the integration constant From the boundary condition: '(%xv-)x 0= (pd, )7 _ oand V=0at

x = 0, the consiant of integration is solved far, and V(x) is fcund to be
v~ '"szlx (6-6}

In order to determine the position uf the light spot in two dimensions, four electrical contacts
I
are needed as shown in Figure 6-2, Equation 6-4 then becoinics

2 2 - '
dayv dv £ f 'q o \ .
e e A exp | (v, - V,J -1
o gt Wos{TPLRT VA
The solutions V_and V_, according to Allen et al.(Reference 6-4) ara
’ r
ol 1 .
Vi< Gmw T, to-1)
2
and
nt ¥a
Vo=t = 6-
vy 2 W 1n Ta (6-8)

whare 1 1s the total photocurrent

ro the distance fruin the hght spot to the i-th electrode
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These expressions for Vx and Vy agree with experimental daia ( Reference 6-4) as shown in
Figure 6-3. The zero position represents a spot located at the center of the detector surface. The
relationship between Vx and Vy with spot position is approximately linear (deviating from a linear

functivn by no more than 10'n) between plus and minus one-half the distance between the center and
the electrodes.

The early work on spot-po<itin indicators described by Wallmark was accomrlished with
manium p-n juncticns. EOS (Electro-Optical Systems, Inc.) and Philco have becn active in develop-

ing an infrared image tracker of the sort described above. ' The EOS cell, called the RRT (radiation

tracking transducer); is made of -an uncooled silicon p-n junction. Its spectral response peaks at
0.8 u, which is characteristic of intringic silicon. Both Philco and EOS have phototype indium anti-

monide image-position indicators with detection capabilities out to 6 .

The EOQOS silicon RTT has a time coustant ot about 6 isec. Its dynamic impedance ranges from
0.7 to 7.0 kohm. The roise spectrum is flat from 300 cps to 104 ene reith ol L.as-value i the white
verimm T 1, wunes the thermal neise due to the dynamic impedance
ot 4 radiat

Resslution vi angular posmion
adiation svurce 1s better than 0.1 second of arc.

The noise equivalent power (defined as that

light-spot power located 0.25 ¢m from the center which yields unity signal to noise ratio), is about
-3 . =N

2 x10 v wall tor 1-c¢ps bandwidth and a 25°C cell temperature,



IR

L )

I

i

i

lastizute of Science and Technotogy The University of Michigaon

e e

. . Co q__ﬁ_b_,___
3 . . I H
N A T B
| , Theoureticar i
;

5 R T R R T
| RN
' F\cpenn‘ent"l | ‘

(3-bitrary scale)

|

= 3Tt / —
(J ; i 1 ! i : i i i !
Y I 4 W .
2 I / P

Y B o A A ! |
B I A SR A A B
- i ’ o oo b i

= oo b
o : —

<

0
0 0.2 0.4 0.6 0.8 1.0
NORMALIZED LIGHT SPOT
DISPL ACEMEN

FIGURE 6-3. VARIATION OF Vi WITH SPOT
POSITION

Deteuur:, of this type should see extensue application in tracking and guidance, computers, and
data processing.

b.2. INFRARED DETECTORS BASE D ON MICROWAVE TE.CHNIQUES

Researchers at General Bronze Electronics { Reference 6-5) and Conovar of the Air University
{Reterence 6-6) have found that microwave cavities, which utilize semiconductar dielectric s, have
clectrical characteristics depending un the {ree charge-carrier conceniration 1n the dielectric mater-
1wl Aninirared detector svstem employing this phenomenon was developed by General Bronze Elec-
U’umcé{.’ It utilizes an infrared-sensitive semiconductor simultaneously illuminated with infrared and
microwave cnergy. The variation ol incident infrared energy is sensed as a complex impedance
change 11 a high Q microwave cav: ity (Figure 6-4). The microwave energy reflected by the cavities
are combined 1807 cut of phase in the output arm; therefore, if the system is balanced (the reflected

Wil Vl

es from the cavities have the same amplitude and phase). no power 1s coupled to the ouiput arm.
Since e phase and amplitude of the reflected waves ig dependent upon the complex impedance of the
dieiectric material, incident radiation upen one of the dieled trics will produce a dif? erent signal in

the output arm. a tunction of the intensity of the incident infrared energy. The waveform in the out-

put arm witl have a microwave carrier ( 10 kme 1s presently used) with an envelope frequency
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equivalent to tne radiation chapping frequesr

wind iond at0 @ ampitier. Figure -5 shows a biock dwsyram of a test sctup for this system.

soviral ddvarnages 0L tMS type of system are nmediately apparent. The absence of electrical

condcts on the semiconductor means a reduction in 1, f noise comnponent. Also the fact that no d-c
bias crreultsy is used insures a large svstem bandwidth, limited only by the lifetime of the charge
arping

arricrs in the semiconductor.  por semiconductors with carrier lifetimes of 1.0 second ¢*-less,

system bandwidths Sut 1 nius are reajizaple. This laige sysiem bandwidth can be put to good

, high-resolution, reconnaissance, and mapping systems.

cu

advanrage in inirare

The primary disadvantages of systems of this type are their considerable bulk and the difficulty
In using nocecsary cryogenic equipment for cooling the detector element. The bulk is mainly caused
by the mierewive pump and the necessary microwave plumbing, When long-wavelength detection is
desired, semiconductor materials with small band gaps rnust be used, and thev requiie n'ooling to
decrease the number of thermally generated charge carriers. Coolug, nowever, cannot be accomp-
Iished eastly when the semiconductor 18 mounted in a siaall, sensitive, microwave cavity., At present,
cooling in the prototype systems is accomplished by immersing bot'l;‘:caviues in an open tank of liquid
nitrogen — an awkward method for fieid use. Improvements in cooling efficiency may be expected,
but they will most likely be ai the expense of system bulk.

Up tc the present time only gold-doped germanium and indium antimonide have been used as

detector elements. Noise equivalent powers of about 5 x 10'10 watt have been reported for Ge:Au.

Assuming that this measurement was corrected to one-~cycle bandwidth, and using the infrared aper-
ture as the detector area, one obtains a value of

D* (500°K, 900, 1) - 5 x 10% cm - cps ' 2 - watt ™!

The typical photoconductive 9-1 Ge:Au detector available comunercially has a D* (SOOOK, 900, 1) of

] . :
about 4 x 107, This indicates that the General Bronz¢ deiector in s present torm 1s down about a
factor ot §1n D* trom the average value. Jt should be pointed out, however, that no effort was made
to enhance the poor absorption characteristic which is associated with impurity-activated german-

wum. In conventional detectors using Ge:Au, the sensitive clement is housed in a highly rellective

thamber tapeure multipte veon cor (1, Ui die nirdrea photons through the ¢lement, thereby effec-

Further development of this detector should provide a valuable component to our infrared

teconndissance and scanning systeme deciymners,,
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6.3. OPTICAI-GUMDPING TECUNIGUESR

Ll oL B

£.3.1. AMPLIFICATION BY STIMII ATED EMISSION. The advent
marny researchers the possibility that a similar amplification v1 ever a detection process may be

applicable to infrared radiation Macer !Microwave Ansplification by Stimulated Emission of Radia-
fropt actinn ic made possible by the i

sseible by the inversion of the pepuliation of electrons in different ene

energy levels
The inversion is performed by “'pumping’’ energy into a material by shining radiation
of frequency higher than the frequency of the radiation to be detecten or amplified. Figure 6-6 shows

b et I a1
TaMiac

i

of a maierial.

c2lly three possibie energy levels of o material, First, radiation which nas ene-gy suffi-
cient 10 cause transiiicns irum levzi one to level three is shown oiithe malerial. This pumping action
mav he deceribed by

hil 37ty g {6-9)

]

FIGURE 6-6. POSSIBLE ENERGY
LEVELS

Then the electronsan level three make a transition to level two; the transition is accompanied by the
emission of low-energy gquanta:

83 hnd 62 + hi3,2 { (6-10)
The system is then in 2 metastable state. When signal photons are incident, they cause the following
reaction
- + 2hf -
By o+ep—e « 20, (o1l
HAR

Lo syswem Dad not been made metastable by the pumping process, the reaction would have been

1,2 1T (6-12)
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The diiference is due to the fact that in the metastable ¢ondition there are too many electrons in state

twn and thofew in ginte ong; thus, the £, elecisuiis make tne transition.

One might think of the signal photon hf 1.2 as a catalyst, performing the function of increasing the
>

probability of eleciron transitions from state two to state “one. For, without hf1 2 the final reaction
H

occurring with low probability would have been

e, —~e, «.hfg »

The new photen in Equation 6-11 must have the same phase as the catalyst photon.

These reactions have been applied to microwave detection and amplification by considezing the

energy levels available in different crystals and gases, and the competing or associated processes
which contribute to the noise of the system.

Becuase the electrons of any material are ound to the miclei or ion cores, they
to interference from them. In a solid material this influence occurs by means of the electrostatic and
magnetic coupling between the lattice atoms, and the electronic system which holds the lattice ;J.toms
‘together. In a gas, the interference is due to coliisions between gas atoms and between gas atoms and
the container wall. Since the Maser action depends upon the measurakle increase in the stimulated
emission due to the catalyst photon. It is important that the electron motions involved in transiticns
Leiween energy levels he sufficiently ::'isolated ‘roun ihe rest of the motions of the atomic sygtenf ':ln
order to avoid the oversowering influence of the rest of the atomic system in inducing transitions.
The most successful Maser system, currently, makes use of the magnetic moment associated with
the electron spin and orbital momentum, because in some materials these motions are relatively
independent of the other crystailine and gas motions,

6.3.1.1. Eandpass. One of the disadvantages — and at the same time, advantages-— of the Maser
is that it tends iu be a narrowband device. It works on the basis of the absorption of photons by bound
electrons which change from one discrete energy state to another. The width of the spectral line
associated with the two energy staies will determine the spectral width of the system. Further, if the

Maser is to be relatively noise free, the transition: which corresponds to the stimulated radiation

shonld be 1selated from the rest of the motions in the material

Although the Maser tends to be a narrowband device, there are theoretically no less than three
techimques available by which the spectral band may be broadened. By analogy to electric circnit

desrgn, the basically high-Q system can be loaded with losses, thereby cecreasing the effsctive quality
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iactor. Twe or more high-Q resonant systems can be coupled tightly to each other, cax

ing resonant curve to he considerably bioader than either of the original ones. There is, of course, a

limit to both of these technigues at which masei action will no longer be pogssible. A third technique
i

utilizes an ensemble of isolated high-Q circuits which are not closely coupled, but which are stagger

tnzd te & avinber oi neariy equal irequencies. The "woofer-tweeter'' systems of audio systems are

common exampleq of this zpproach. The difficulty lies in chiQining s nwuer vl Masers with response
at the [requenciesireguired.

+~#.3.1.2. Infrared Applicauons of the Maser Principle, It is preferable at this stage of the discus-

sion to discard the term Maser, and replace it with the term Iraser. The concepts are exactly the
same;

radiation of frequency corresponaing to the 1-3 transition is shone on the detector materlal'
slecirons make a transition from level gne to level thre

then irom three to two with the emlasion

of low-cnergy photons; and then from two to one as the signal ra.d)fatxon falls on the detector.: Of

course, f, g =C/ ‘A jgBw about 10 cps, and the energy auierence hf‘ 2 is about 0.4 ev. The
9

pumpmg mergy must be conslderahly greater than 0.4 ev, probably that obtained in the vt/alble part
of the sp \ctx‘um. Aecordmgly, rather then spin-moment energies, the levels associated Mth impur-

ity levels ard fluorescence in solids must be used. This iz exa what has been done z'm the case of

the ruby Laser, which radiates rather than detects radiation { L stands ior light): the y)umplng fre-
nunnnu +
J

..... is essentially tuat of green light"( although white-light sources are used for cox,i/venlence), and
the emitted light is deep red, a wavelength of about 0.69 u.

6.3,1.3. Threshold Sigaal Limitations. The primary limit to the detectivity of any infrared
detector is the fiuctuation in the arrival of signal phoatone,

However this is a characteristic ot the

radiation and not the detector. All detectors operate exactly alike when they are limited by this

photon noise. [t is therefore important to investigate the limiting noise mechanism in the Iraser and

see how 1t compares in absolute value with phuton noise. The limiting mechanism, neglecting contri-

butions from the circuit elements, is spontanceo

us ¢mission. It is inherent in all quantum amplifiers

of the Maser type. Spontaneous emissicn electiuns in ievel two making a transition to

level one when signal protons are not incideat on the detector,

spuntaneous emission has been discussed by Weber (Refercnice 6-7) who derived an expression

for the equivalen. temperature {Te) of spontanecus emission nolse. This temperature is delined as
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that positive temperature of a biac

background which emits nuise gquivalent io ihe spontaneuub gmis-

sion. It is expressed as

wliere K 1s the Boltzmann constant. Fos = encies up to about 1011 cps (A = 0.5 mm), Te is lass than

28 K, and at a frequency 4 x 10 (A = 0.8 1:) Te becomes 18,000°K. It is apparent from this analvais

temwperatures in the infrared region render the Iraser impractica’ for infrared
detection unless target temperatures are much higher than 18,000°K.

should be pointed out, however, that Equation 6-13 was derived assiming that the number of

quanta per radiation oscillator (N) followed Bose-Einsteln statistics,

- R Y
LUWCYEL

Uils relxtionship holds for hf << kT, For wavelengt.hs shorter than 10 4, hf > kT and Bose-
Einstein statistics ©o not provide an accurate picture. i

Schawlow and Towncs (Reference 6-8) have shown that directional selectmn effectively decreases

the spontanecus emission. This is {rue since epontaneous emission radiates mto an infinite distri-

tmtion of modes, while siimuiated emigsion radiates into relatively few modes. This concept has been

apphed only to Lasers and not to the infrared-detection probiem.

" The conclusion is that lnfra.red detectors employing the maser principle will suffer severely from
noise due tc spontaneous emission. Should innovations render the Iraser practical, the engmeer still
faces the problem of having an extremely narrowband dclvwe.

For further reference, the reader should consult the works of Gelinas (Reference 6-7), Whittke
(Reference 6-9), Schawlow and Townes (Reference 6-8), and Bluembergen ( Reference 6-10). In addi-

tion, excellent bibliographies and reviews are contained in publications of the Trionics Corporation

(Reference 6-11) and the Jet Propulsion Laboratory of the California Institute of Technology ( Refer-
ence 6-12). 3

6.3.2. QUANTUM COUNTERS, I i5 possiuie iu construct quantum mechanical amplifiers without

spontaneous emission noise (References b-7 and 6-13). However, they are not Masers per se, since

the output i5 not a result of stimulated emission, They are essentially quantum counters.

Figure 6-7
shows 2 typicil energy-level diagram for such a device.

The separation between the ground state E
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FIGURE 6-7. ENERGY-LEVEL UIAGRAM FOR AN
INFRARED QUANTUM COUNTER

and level }';‘2 is such that hIl 277 kT. This is to insure that very few electrons are thermally ex~
y

cited from tﬁé”El“lével to Ez. When no infrared photons are incident, no output will occur since =
level I-:2 i8 unpopulated. When an infrared photon is absorbed it causes a transition irom level one
to level two, The pumping frequency then produces a !ur;her transition {0 the E3 level, provided the

pumping intensity produces transitions at a faster rate than the radiationless decay or than the spon-
taneous emission from ievei Ez hack to the ground state

125 22 =14

Sponmneous emission from level Es to E2 will lead to resonance, since on its decay from E3 to
2 tt may be repumped to I-:3 again. Thus several quanta hf,; 2 may be re-emitted for each incident
infrared quantum. The emitted radiation may be separated from the pumping flux hy the use of pular-

ization or direction of propagation.

E

Devices similar w this one are being developed at Harvard University, The Johns Hopkins Uni- -
versity, and the University of Maryland.
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Appepdix A
TEST PROCEDURES

Sol Nudeiman

The purpose of this appendix is to describe the e"“f_rimeniai tesi program requiced to provide
the necessary descriptive and evaluative information fér proper detector usage. The information
provided is extensive. It is the responsibility of the engineer to interpret propei.iy and to use as
much of this information as is required for the design of his infrared system. Most of the experi-

mental detail supplied here is descriptive of the facilities and procedures established at the Naval

facilities ,b@yg been ,sponsq\;ed by the services to provide up-to-date quantitative measurements on
ail types and kinds of photoh‘gtectors. with the philosophy that experigxental procedures undertaken
and data providegdibe.in the s;ﬁi‘lt of a standards laboratory. The following experimental information
is required. '

e

Optimum bias in the case of a photoconductive -type detector.
Nois2 spectrum. )

Response to a blackbody, usually set at 500°K.

da WO e

Spectral dependence in terms of
(a) Relative response

(b) Absolute response.

o

Time constant or frequency response.

6. Sensitivity contour.

From these data are ohtained the various fizures of merit listed in Table A-1.

A.l DETEHRMINATION OF NEP
The circuitry used for measurement of noise and of signai response to a hlackhodv, and for the
determination of optimum bias, is shown in block form in Figure A-1. The important components of

rod sGurce, the premmpiilier, and 4 wideband harmonic analyzer. The

s
»
5
$

source 1s a blackbody emitter, with precision temperature controls. A standard condition used to-

day in test proccdures is to make measur ements with a blackbody set at a temperature pf 500°K.

T?xe source 1s mechan:cally modulated by a disc-type chopper. Generally, this chopper is arranged
|
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TABLF. A-1. FIGURES OF MERIT

Figure of ' ' Definition Units
- Merit
% NE | NEI - HV/ Vg ' Noise equivalent input (watts/cm®)
= NEP = P‘1 , NEP = HVNA,/Vs Noise equivalent power (watts)
1/2
Jones's s = NEP (—f—) Jones's (watts/cm)
1/2\af
- A
D* D*= I?l? If, The detectivity normalized to unit , ,,. e
= ~ area ang unit bandwidth (cm.cps™/ “. watt™%)
/ \a
Volra+r )
S S =23 K C L) Specific sensitivity (cmz,/watt)
1 1 E 4r_r
Cc'L :
Chopper
‘R g ———— Cell Low Noise
adiation. . ia -
~— Biackbody > |2l ;' s{ Bias || Level L1
L Chopper. M and Pre-amp
Match Amplifi
] 4 Drive atc mplifier
»
) Temp
Caontrol Micro-
’ volter Wave
7 Analyzer
Induction
Modtor
L Thermo- E
9 ecrmnle
ﬁi' - 0sC . CRO "J
;t
I! ‘sTEM TO MEASURE NEP
|
E )
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. a Ceopeds o provide radiation modulated at B¢ cps and 900 cps. This chopped radiation cauges
= 2 cimilarle madniated - jecrric erana! to be generated n lue detector system, amplified, and measured
x ,with the -harmonic wave analyzer. The wave analyzer is also used to determine the noise level by ob-
- Laatutip 4 reading when the detector is shielded from the chopped radiatinn,
=, . : The signal and noise futr 4 pholoconducuve detector are determined as 2 function of bias voltage.
3 The nas current is varied, with signal and noise voltage determined for different valucs of the cur-
7 rent. For most deteciors chopping irequesicy in this case is rot signifieant in that gptimuin bias dues
- not change appreciably with modulating trequency. Figure A-¢ shows a typicai bias graph with piots
A .
A
e
o) s b — . .. _T‘,“___,_]'
N 6
= —
= )
= =
.2 S
o~ -
' <
> 1
= [~}
-y
3 z
A 1]
% a
2 S
7] z
| BLAS CURRENT (u amperes)
i FIGURE, A-2, DETERMINAT{C.\' OF OPTIMI™ R1ag
g
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ol signal and noige, versus bias current. Thie yroph s (ypleai vl those supplied by the Naval Ord-
nance Laboratory, in which the radiation at 11 from a helium source is used for the signal mea-

The aptimum bias point is determined from this graph and used in all subseguent
surements Tun

surement.

al Circuiiry of the cell bias and match box shown in Figure A-1 is drawn schémal-
1eally in figare A-3. 1'wo sets of input leade are chown (rou dxe detector to the match box. One set
1s used for pholoconductive detectors where bias currents are needed and the nther for n

carrying photovoltaic and PEM dgtectors. Photcvoltaic- and PEM-tvpe cells are usually tested by
connecting them to the nreamplifics thivugit ¢ transtormer. This is because they have been low
impedance deviccs. In pariicular, inaium antimonide and indium arsemde are typical of such detec-
tors. If 1s desirable to nse a tr ormer whose umpedance can be varied. This is important to

insure that the equivalent noise input resistance of the preamplifier be transformed to an impadance

lower than the impedance of the detector being tested. Another advantage of satisfying noise consi-
derations 18 that maximum power can betransferred.

Photoconductive

Test Leads
L ]

Bias )

Switch Load L J Polarity

. . Resistors Reversing
N‘i:jir ~—AM—O Switch
Hias - wA—o0 +* +~—{H ]
Batlery - —vA—o True

L Calibration 4 ; ?/IME
Resistor eter

O

grv

7 i ' Preamp Narrow
L (of Band
i Appropriate Filter
Micro Impedance} (Variable
volter Freq)
l
L1
] " Signal Calibration
Gener- Resistor
ator
[
Dhotocvoliaic Test
Leads
FIGUKE A-3. TEST CIRCUITRY FOR INFRARED DRETECTORS
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The simplest kind of circuitry associated with the photoconductive detector 18 shown in Figure

A-4{4} 4ad consists simply of a bias batterv suprtv i eeries with the phutocunduciive detector and

B (A-1]
T (A-1)

The change in vol' » across the load resistor produced by ihe action of radiation is attained by

differentiating this equation with respect to the resistance of the cell. Then it follows that

r.r. Ar
V=V ; TN T — (A-2)
L '¢C C
. !'C :é rL :’
1 (@) ' (b)
>4 % < 4
ry 1‘» - o ? r

FIGURE A-4, PHOTOCONDUCTIVE DETECTOR CIRCUITS

The signal voltage Vs is symmetrical with respect to the load resistor and to the cell or detec-
tor resistance so thet the same sigual voltage can be picked off the photoconductor or the load resis-
) tor. When the load resistance is much larger than the detector resistance, a constant bias current

condition prevails. Maximum signal voltage is obtained when the load resistance eguals the detector
resistance. while extended frequency response is obtained for small valueg of lcad resiwwiance. 1N1s
iatier requirement usually appears when high-resistance fast detectors are dealt with., In this situa-
tion capacitive effects become importaut, and, in order to match the response time capability of the

detector, it is necessary to use a small load resistur, resulting in reduced signal amplitude but flat
irequency response over a wider frequency range.
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the luad resistor and fed through a capacitor to a preampli-
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response time capability of the detector; it is necessary to use a small'load resisior, resuiting

te roduccd sigral ampiiiude but tlat frequency response over a wider frequency rangsa.

icn of this simple ciruit is shown in Figure A-4(b). It involves placing a d-c load
resistor in series with the detector and an a-c load rzsistor across the detector through a coupling
capacitor. The curput is fed to the preampiifier irom the a-c load resistor. The effect of this type
of circuitry is to permit varying thkl‘_' load resistor to the precmplifier without infleencing the biasinz
current ot the photoconductive detector. This is important in attaining the optimum bias current. .
One wou.d like to retain this condition and yet have the flexibility of varying the load resistor to thel

preamplifier for an independent control on frequency response.

In making any noise-limited measurements, it is important that the preampiifier noise be less
thanr the detector ncise. There are two types of noise to consider with respect to the preamplif-

ier: (1), an effective series noise; (2), an effective parallel noise.

The series noise is experimentally determined by shorting the input td the preamplifier and
ncting the signal voltage at its output. The parallel noise is determined by opening\\ﬁle circuit tnput
and recording the noise level. Then, starting with large resistances, a sequence of resistances of
decreasing value is placed acrosz the input to the preamplifier and the output noise is noted. These
resistances are then reduced to a point where a change in the noise output fromn tpe d‘pen circuit
condition of the preamp is recorded. Detector resistange is then maintained below this value. The

resistance of the detector must provide a noise greater than the nream

23155, This condition

is equivalent to the resistance of the detector, being larger than the series rusistance of the preampli-
{ier, but less than the shunt resistance. This condition is a sensible one. If two resistors are placed
in series, the effective noise is the sum cf the noise from the two resistors. If one is much lax_'ger
than the other, then its noise predominates. When two resistors are placed in parallel, the effective
resistance is that of the smaller resistance, and correspondingly the dominant noise is that which is
assoclatsd wiih the sinailer resistor. Therefore, the shunt resistances that may be incofp\arated in
the preimpliﬂer input, together with any other shunt resistance across the detecior, inust always be

larger than the detector resistance. This requirement becomes difficult when one is forced to deal

the problem of shunt noise is not serious, and one usually finds that the series noise requires the

most cant.on.

The primary purpose of measuring signal and noise voltages with the equipment of Figure A-1

is tu determine the photodetector noise equivaleni power. This power can be determined if the

)
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~where k is the Boltzmann constant, T is the absolute temperature, and r is the resistance. The <ig-

tnstiiute of Science and Technology

The University of Michigan

SadrafLan e el deinsity (rom rhe blackbody falling on the detector is known. To calculate this value,
it

it is necessary to start with the Stefan-Boltzmann law given by

4

4 )
LA - -3
W oo (T T, ) (A-3)

W = radiant emittance, or radiant power per unit area emitted from a suriace, T and

T, are
0
the alsuluie tempexatux es of the IadlatlllE bOdV aad bhar l“’,‘ nund ro

speotively, €is ihe enuasivity, and
o is the Stefan-Boltzmann constant. The power density H from a source of radiance N at a distance

i
x to the detector is the deteclor irradiance :

A
s
2

= | #
*ole”

(A-4)
N ,

where AS is the source area, N is the radiant flux emitted by the source per unit area per uait solid

angie and is equal to w/n. For a circular source aperture of diametcr Ds' the power densily is

2
wow. s whe (4-5) | J
r 4}{2:’. T 4E ’ '
and therefore NEP is given by

HA p Vv

NEF = d \< s) N o, {(A-B)

I =Y CI\Y ) v .
‘S VN 4\ X VS D

The gain of the circuitry used to determine NEP is checked with an oscillator and a microvolter

connected to the'_-..input of the preamplifier. The noise bandwidth of the system is detcrmined by meas-
uring the Johnson noise generated in 2 wire-wound resistance as

Af = e2/'4k'1‘r : (A-T)

FON
nal t5-no

ise sailu Of @ detector at a given bias current is generally independeni of the load resistance.
However, as shuwn by Equation A-2, the signai voltage, and correspondingly the noise voltage, are

1 tunction of the load resistor. Since different applications may require different load resistors, a
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Listing of detecior signai and noise measureiments must include the value of the load resistance used

in mezkiag ihe measurements.

A.2. TIME CONSTANT

A knowledge of a detector's speed of response is of great importance to the system designer. In
conjunction with noise spectra, it teils him at what frequencies he inay operate the detector and
still retain a sufficient signal for hic £u¥pcses. He way aiso then select thé frequency which will
bptimizp the signai-to-noise ratio for his system's performance. Speed of response information
is usually provided in cne of two forms. They are (1), a plot of response versus frequency from
which a detector time constant can he estimated, and {2), the photodecay characteristic after removal
of a photcexcitation so;xrce. Information of type (1) is generally obtained by amplitude modulation of
radiation from an infrared source irradiating tie detector and varying the frequency of modulation,
while type (2) is ohtained by observing the signal wave shape of the photodetector response to peri-

odic nuleas of licht. Systems for inaking measurements to provide the two types of information are

~ described below.

A.2.1. FREQUENCY‘RESPONSE. This measurement is usually made with 2 metallic-disc lighi

chovwper. The disc is ringed with slits spaced symmetrically so that the separation distance between
slits equals a slit's width.

The modulation frequency is given by the spinning rate of the disc multiplied by the number of
sli{s in the disc. The higher the frequency of modulation required, the higher the spinning rate,
and/ or the greater the number of slits cut in the disc. Increasing the number of slits results in
slits of decreasing width {for any one size disc), until eventually an optical system is required to
intage down the infrared source onto the slit. The radiation passing through the slits is then focused

onto the detector. For low-frequency operation, sinusoidal modulation can be obtained by proper
selection of the rhonner gpening (Roference A-3).

Corona determines the frequency response by using a variable-speed chopper, giving a frequency
range of 100 to 40,0900 cps. Radiation from a Nernst glower is sinusoidally modulated by the chopper
and is usu"uly filtered by a selenium-coated germanium window. The signal from the detector is
measured by putting the output of a cathode follower and a preamplifier into the v-axis input of an
oscitioscope. Anincandescent tungsten source is simultaneously modulated by the chopper and
activates a photomultiplier whose siznal is fed into a preamplifier and a tachowneter; the latter's out-

vut s proportional to frequency and 1> put on the X-axis of the oscilloscope. The oscilloscope display
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15 photographed as the chopper slows down from iis maximum speed.’ Syracuse University, using a

wheel cut with 1400 circular holes spinning at a rate of 10,000 rpm, obtains a maximum chopping
[requency of 240 000 cpe. This equipwent uses a giow bar as the light source and an As 53 lens

.

2
to forus the ssurce catuv the slit. For photodetectors whose response can be described hy

V.= ._.—.E-—— (A'a)

s \}1 + ((.nf)z

this mzh-frequency chopping rate permita an evaluation of time constants as short as 0.5 wec.

Typical frequency response data repo"rted from NOLC are shown in Figure A-5.
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FIGURE A-5. DETECTOR FREQUENCY RESPONSE .

A.2.2. PULSE RESPONSE. Another anproach to the measurement of speed of response of the

“detectpr 15 a direct measurement of the de"cay‘ or rise characteristics of the detector. For detectors

'izm‘x sl response and high sensitivity it is fairly eaey to degizn a sicthanical hight chogger with
sfficient speed so that the dynamic characteristi¢s measured belong to the photodetector and not to
the chopper. However, when cne is forced to deal with photodetectors whose response times are lesg

thar 1 sec, and woere ihe signal 15 noise limited,. then it becomes increasingly difficult to make this
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measurement using normal procedures. To measure the decay or rise characteristics of the detector

requires a light source whose rise or fall timme is of the order or 1,10 the time that is to be measured.
Optical spinning mirro1 systems can provids euc isc-and-iail iight-puise time. A rather
simple arrangement is shown in Figure A-6. A collimaied beam of light i8 deflected by a rotating
mirror. At distance X away from the mirror a decollimating mirror is placed, which focuses the

infrared radiatiun on the detector.” The riss time of the light pulse is the time it takes the leading

|
edge of the pulse to fill the decollimating mirror, angd the fall time is the time rajuiased for the trail-

ing edge of the Light beam to mave off of that same mirror. The velocity with wk - 4 the light ray

moves across this mirror is given by the distance between the spinning mirror and the decollimator,
multiplied by the angular velucity of the spinning mirror. The rise time and decay time, assuming
a symmetrical light pulse, are then both equal, and equal to the width of the decollimator di
the velocity. Obvisouly,-by making X

....... g n

vided by
sufficiently large, thc rise and fall limes can be made shorter,

but generally at the expense of decreasiung intensity at the detector. Th <energy may ve increased by

the us of a cylindrical mirror which compresses without affecting its width. Light pulses with rise

and decav times of the order of 50 musec have been generated with this technique, using a misror
spinning at 10,000 rpm. ‘

Light Source

(AR
N T
{ e,
Slit \ £ S
e e memscc "“.\‘\ -3«
,f::: Detector L

- Rotating Mirror M
Cylindrical Mirror k

FIGURE A-6. SIMPLE SPINNING MIRROR FOF.
PERIODIC LIGHT-PULSE GENERATION

Arother useful spinning mirror technigue i= that described by Gartuny (Reference A-4). The

method ronsisis of

"

surrouading a rotating multisided mirror by a set of stationary mirrors (see Fig-
are A-1). This assémbiy 1S so adjusted that the collimated light from the \Source is repeatedly re-

flected between the central and the stationary mirror plane. Each face of the mirror rotating with

angular velocity w adds 2w to the rotational speed of the emerging light beam. If D is the width of a
slit in the image plane and is lpss than the width

v atacti

of the light beam O, the rise time and the fall time

. _ _ Db (A-9)
't 2NaX
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~/ Mirror

Iy Infrared .
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FIGURE A-7.. SPINNING MIRROR SYSTEM FOR
PERIODIC LIGHT-PULSE GENERATION IN THE
MILLIMICROSECOND TIME DOMAIN

and the [ -t part of the pulse.

. 20-2D (A-10)
g 2NwX

where N iz the number of faces on the rotating mirror and X its distance from the image. By using

a multisided spinning mirror to obtain high tangential velocities, it is possible to substantially rez{yce
the radial dislance from the spinning mirror to the detector over that required in Figure A-6. Using
mirror vptics for collimating the light source permits any infrared emitter to be used, With a 0.5-mra
detector, 4 spinnng mlrruxrrolaiwn rate of 10,000 rpm, X = | meter, and N = 6, rise times of 30
mysec are readily available. Using a turbine-drive motor sysiem to spin the mirror, rotating speeds
as high as 3000 rps can be obtained so that pulse rise and decay times of less than 1 musec become 4

readily nnascihle

Oiten 1n pursuing a research and development program un detéctors, it is necessary 'o observe
in detail the wave shape of the phataresnanse to 2 light pulsc. These ubservations often have to be

made in the noise-liniited condition. Examples of such cases are: (1) the examination of fractional
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microsecond sicnaks rem hoh impedance generators such as guid-doped germammuum. The measure-
ment technigue here requires the a-c loading of the detector (see Iiguirc A-4bj with a low enough
resistance in prowvide flar froquoncy AA::;;V-:::;C over the specirum of interest. {2} The examnnation

ef fracdionnl T 350 coud sigaais from low-impedance generators such as the InSb detector. This
nieasurvmen_t is difficult because the noise level of a wideband preamplifier is higher than that of
the detectur. (31 Tiwe reproauction of low-level signals caused by low-level radiaticn ssurces. This

is the case for wavelength-dependent meacuremeonts.

A device has been developed with makes measurement in these cases readily possible. The o
device applies a sampling technique and integration (or averaging) to the dircct micasurement of the l
shape of periodic noise Limiited wivetorms. This may be compared to ihe usual coherent detector
whicn can be used to measure the amplitude of fixed-frequency sine waves. In both cases the response
time and bandwidth are determined by a simple RC iniegrator and the bandwidth narrowed at thz ex-
pense of recording time. The operation of the wave-shape recorder can be described with reference

te Fipure A-8. The signal wave shape 15 periodic, triggered inl the same manner that would ke re-
quired for good high-speed oscillographic reproduction, while the noise 1s random in nature. The
interval ot represerits an on-time of an electivnic switch, during which the signal and noise voltage

18 fed directly into an integrator. By sampling successive intervals a.id averaging, it is possible tc
reduce the noise-voltage fluctuation observed ar the integrator output without afiect.ihg the signal

level. Quantitatively, the noise-voltage fluctuations are reduced by 1/ VN, where N is the number of
observations made during an average measuremeni. The signal-to-noise voltage ratio is then improved
are root uf N. 1If ot is made small compared to the signal transient time and is slowly and
uniformliy retarded in time with respect to signal onset, an accurate chart record of the signal wave

s&hape may be produced (Reference A-5),

The circuit for the device is shown in Figure A.9, 'and ie similar to the vox-car circuit used in
radar. Its componeants include a driven blocking oscillzlttor activated by positive trigger pulses, an
electronic switch, an integrator, a cathode follower and a recorder. The driven blocking oscillator
provides a pulse to close the electronic switch. The switch connects the input of the integrator to
the signal plus noise vnltage occurring during &t. During the off-time, the capacitor of the integrator
will maintain its potential until the newt on-timc whéen a new signai pius noise level is sampled. To
avoid signal attenuation, the output of the integrator is connected to a cathode follower and no contin-
uous d-¢ current is allowed to flow. Since the purpouse 1s te permit operation with signal-to-noise

ratius less thdn umity, long integration times are required which are compatible with chart recorders.
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FIGURE A~8, SIGNAL, NOISE, AND GATE RELATIONSHIP IN WAVE-SHAPE RECORDER

A block diagrain of a complete experimental arrungement for photon-excited signals is shown in
Figure A-i0. It is necessary that tiie signai’of interest and the on-time switch be made to accurately
follow scme time reference. Two systems are chown which meet this requigment. The first sys-
tem is used when the light sources available z;re capable of being driven by an electric gignal such
as a CRO lamp or electro-vptic shutters. The sequence of events can then be demon I

noise-free reference nulse provided by a stable oscillator.

The second system is used when mechaaical light modulators such as spinning mirro
rotating choppers are necessary. Now the referens. ;«'!se cannot be supplied by an external source,

but must be generated by the modulator itself. This can he done by causing & lighi source to excite a
fast photodetector such as a photomultiplier prior to excitation of the photodetector of iaterest. In
both systems, if a variable delay is provided with respect to the reference, the electronic on-time

switch may he slowly and unifornily reiarded in time and a chart recording of the complete voltage
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FIGURE A-9, SCHEMATJIC OF WAVE-SHAPE RECORDER

wavefor.n will be produced. Using the Garbuny spinning mirror, noise-reduction improvenent by a
factor of 300, with 50-mjsec light pulses has been achieved (Reference A-5).

o
A.3. SPECTRAL RESPONSE

dheds

Measurements of the wavelength dependence of infrared photodetectors are generally made with
an experimental setup such as that illustrated in Figure A-11. The measurement is made with a con-
stant energy irradiation at the detector by monitoring the output from the exit slit of the monochromator
wilii 4 Lhermocoupie throughout the spectrail range ot measurement. This may seem like a strange
procedurc considering that the phctodetectors described here are photon counters raltl'ue‘r than energy
detectors. However, to make the measurement at constant photon densities requirés a reference

photodetector flat in response over an extended infrared wavelength region. Such detectors are not
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FIGURE A-10. BLOCK DIAGRAM OF WAVE-SHAPE RECORDER

vet avatlable. ‘Fhermacouples, however, are flat over the wavelength region of interest here, and

therefore are readily apnlicahle ta thic kind of measurement.

The result of this procedure is to ob-

tain wavelenuth-dependent curves that 2re¢ sawtoothed in appearance rather than flat topped. This is

expected, as explained in Section 3.4. Two monochromators are in normal use at Corona; one, a

Leiss double monochromator, has Caf‘z
Perkin- Elmer model 98, has NaCl prisms

ivin
y 8V

ag @ range from 2 to 15,

prisms, giving a2 range from 0.6 to 8u,and the other, a

The energy flux from the exit slit is kept at a constant value cver that porticn of the epectrum

used by comparing the flux at each wavelength with the thermopile or therniocouple response. This

comparison arrangement can be accomplished within the monochromator or with an external arrange-

ment. As the wavelength output is changed, the energy falling nn the thermocouple is raised or low-

ered to an arbitrary vaiue by openming or closing the entrace slit of the monochromator, with the

middle and exit slits usually remaining fixed. Once this level is set, the energy flux is alloved to

rail onto the detectur and the response is thea vbtained. A typleal relative response curve from Corona

1< shown in Figure A-12. Gererally, the chopping rate of the light input to the monochromator is 10

to 13 ¢ps. compatible with the response characteristics of the thermocouple. However, since must
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photadetectors show considerable irnprovement of NEP at higher chopping rates, it is advantageous
when possible to modulate the spectral radiation at frequencies iri-the order of a few hundred cycles
per second. At Syracuse, the chopper is operated at 208 cps, and the detector signal is measured

by feeding it through a filter of 30 cps bandwidth tuned to 208 cps, a preamplifier, and a vacuum-tube
i ;!

voltmeter. At the low chonping frequency, the detector signal is fed directly into the ampiifying sys-
tem of the monochromator. '

Along with the measured relative spectral response curve, it 1s important that the detector user

sal 35 that tiie specirai dependencies ot

inmures of merit, such as NEI, NEP, and D*, can be readilyv derived. The information available from
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the measurements of NEP and relative spectral response, and the theoretical law o1 blackbody spec-
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The noise equivalest power is defined by

v
NED - ‘}J‘V . X (A-11)
g YT
'V,S .
where P = HA, - TP Vg is the respoisivity of the detector to 2 blackbody (usually set at 500°K),

and P is the radiation nawar talline o5 the deteciur.

Since this is a blackbody measurement; the responsivity is determined in an absolute manner, and
reprasiuls av averdge value taken over the spectral range of sensitivity of the photodetector. In Fig-
ure A-13, the averaged absolute value of the responsivity is shown (C), together with the blackbody
spectral radiation curve (A), and a plot of the relative spectral photoresponse of ihe detector (B). It
is clear that one can provide an absolute scale corresponding to curve C, but it still has to be deter-

mined where curve B should be placed with respect to this scale. When curve B is properly placed

SPECTRAL IRRADIANCE
RELATIVE SPECTRAL RESPONSE
NOISE EQUIVALENT POWER

\ s—— s ——-—D
\L.\ c
\A

1 L | i 1 1 4. 1 1 1 L )\
10 11 12 13 14 15 i¢ 17 18 18 20
WAVELENGTH (A) MICRONS

FIGURE A-13. DFTERMINATION GF ABSOLL 1 £ SPECTRAL RESPONSE
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ca e seade eorresponding 1o an avsoiute calihration, the product

where ¥y 1s the absoiute response and AP
a,A A

’ 1 . o
summed sver the wavelength of detector spectrai sensitivity, equals the sigiaal voltage obtained in

is the power in the bandwidth A A centered at A;.

the NEP measurement, and therefore also the averaged absclute responsivity curve C. .

The quantity needed tor calibration :s the absolute value of the spectra. response datermined at

the "'peak’' ot curve B. To arrive at this value, assume that another {unknown) photodetector response

curve (D) is flat (a black detectar), apd rasaec thraugh the neak of our photodetecior curve B, The
ratic of the signal vultages generated by these tvc diiferent detectors is given by
® x
. v ; yr,/\_p/\.Ax. L yr )\.p/\iAA )
g o_F 120 LI =120 11 {A-12)
\’ o] L o
BB b P, AXx. ¥ b P AaA
A A - . i
i§0 BB A A L TBB Ay &g A ‘
If one normalizes, taking YBB‘Ai =1
[+ 0]
-
1T0 T p"i >
= — A-
b= (A-13)
s P, ax
1=0 i !

The deacminator is siniply the blackbudy radiation energy falling on the black photodetector of unit

response, while the numerator provides a smaller number representing the signal voltage derived
trom our photodetector. Qbviously the numerator is smaller than the denominator, and { represents
an effectiveness tactor indicating how close the average response of B comes to that of the black

deiector D.

The absolute value of the averared speciral responee C e noted earlier
mn the NEDP micasurenient. Therelore dan absolute determination of the peak spectral response can now
be obtamned by dividing the resnonsivity value from the NED measuremcnt by the effectiveness factor,

Similariy, this procedure prosdes an absoluie spectral dependence for the other tigures ol merit.
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To caleulate tue elfecuveness factor, the expression for ¢ !s simplified io

s == : (A-14)

: wherg PA -1 A A anu N is ihe radiant power per unit wavelengtﬁ at the wavelength A, for the black-
body used in the measurement (here taken at 50001(). However, a correction to the expression for
must be ronsidered. In practice the experiment performed to determine NEP involves using chopped
radiation from a 500°K blackbody source. Howcver, the chopper generally is a black mnechanical
spinning disc whose temperature is about 360°K (room temperaturej. Therefore the a-c signal re-

sponse is actually the result of the detector's looking al‘ernately at 500°% und 3_0001( sources, and

not simpiy at a 500%K source against a background of absqldte zero. The detector is then actuaily

sensivive to the shaded portion of the radiant power, showh In Figure A-14. The efiectiveness factor

o
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=
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FIGURE A-1d. BLACKBODY SPECTRAL RADIANT EMITTANCE
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w

shouid then more properly e expressed as

= 3 LeRl
. b2 \H, 500 HA 00" Yo, B2
SR ELANS S (A-15)
3, (A-if
X ., 500 2 se0°
.I_‘ n‘\ L\A‘ - “_‘ n;\ AA]
i=0 i  i=0 i

where ¢ _ is the Stefan-Boltzmann constant, and T and T0 are 500°K and 300°K, respectively. The
quantity H is therefore the power exposure respcnsible for the detector signal response, and is a

constaut. The "power fraction" given by

F'\i = T - (A-18)
500°

where HM' A/\i is the radiant power within the bandwidth A, at the center wavelength A, can
now be used in the determination of ¢, since

0 !

Al .

= 2__, in'yr_xi
t=0 !

The power fraction may be calculated at different wavelengths, either by the use of a radiation slide
rule or the tables of A. N. Lowan and G. Blanch (Reference A~6). A table can then be prefpared to
evaluate &, as Shown by Table A-2. '

Once the effectiveness factor is calculated, the peak value of NEP or D* can readily be computed,

since

NEP, seax = MEPpp ¢
(pr
«( 500° )
e i D (500 BB
A,peak ~ £

as shown in Tabl: A-2.
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Wavelength
Interval
()

9.5-10.0
10.0-10.5
10.5-11.0

i1-12
12-13
13-14
4-1

ot
[%2]

15-1

<]

TARLE A-2. EVALUATION OF D*

A, peak
nx50nC, a0 eps) - 7 x 10? crr.—cpsl’/z—watt'l
Celi response D (300K, 530 gps) IR DT
facior {K) Z {Energy Fraction x Reiaiive Response) 20 )
Chergy reacaui Rilative Response £nergy Fraction D* =K
{ 5000¥ Dlackbody) { Mid-Inierval) X . Relative Response)
) Relative Response
7x10°8 20 1x 10%°
3ax1ed 32 1.1 x 10*°
0.0032 44 0.1 1.5 x 1019
012 55 0.7 1.9 x 10'°
024 66 1.8 2.3 x 10'°
038 04 " 3.3 2.9 x 100
050 90 45 3.1x10'
058 .80 4.6 ~ 2.8x10'°
062 55 3.4 1.9 x 10°
063 30. 1.9 1.1 x 1010
061
058
054
050
045
041
037
033
020
021
045
035
029
022
013
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TABLE A-2.  Continued)

waseiengln Lnorpy braction Relative Response Energy Fraction D* =K
Tnterval 15007K Blackhady) {Mid-Interval) x {Reiative Rezpuanse)

[ Relative Resporse

fu-17 ulo
17 18 gid
18-19 11
1829 RULEES
20-22 015
22-24 .0097
24-2u 0072
26-2¢ Ou3B
28-30 0024

¢ Sum: 20.0

|
A.4 NOISE ¢ “ECTRUM i )
The noise-voltage spectrum is obtained with the system described in Section A.1. However, the
light ..ource is removed, and the ncise voliage is obtained by simply reading the voltage at the wave

analyzer. A typical plot ol nuise spectrum is shown in Figure A-15.

A.5 SENSITIVITY CONTOURS I

If a microscopic spout of light 1s projected onto the surface of a photodetector, and iél:e photore-

P L
i

the spot’s pusiiion, it is found that the photoresponse geperally

oy el A A Cyaam b e
cponse recorded 25 4 fundction

<

changes with the spot's position. The surface of the detector is thus rarely‘ tiiform in its photore-
sponse. The film detectors (lead cumpound family) are the worst offenders in this regard. If-a graph
‘of photoresponse versus light-spot position is made, and ponts of equal photox'esponse- are linked
tugether, the resultaat plot provides a "'senzitivity contuur,” illustrated by Figure A-16 for a PbSe
dL’lL‘,Ci'_{.')I‘.

‘The e:ipe::limental arrangement at Corona i obtain sensitivity contours uses a microtable which
allows the cell'to be moved a smail measured amount. The table is linked throueh a system of gears

to a plothing table which gives up to a 36/1 increase in the scale. The exciting radiation is from an
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FIGURE A-15. DETECTOR NOISE SPECTRUM

incandescent tungsten bulb chopped at 90 cps and is passed in reverse through 4 microscope so that
a spot 0.066 mm in diameter is focused orto the detector. As the detector is moved beneath this

radiation, the relative response at 16 percent intervals is noted on the plotting table. Lines connecting

equal points of gensitivity are then drawn to c:ntain a plot &

i ~ i 12004 eeeal o
ich 2ag in Figurs A-14, This lght-piobe

technique is also importa.nt for ivs uiility in fundamental research programs on detector materials,

where it is used in studies of diffusion length, time constant, and mobility (Reference A-T)x~

Contours of the sensitive area of a photodetector are of principal concern when the optical system
associated with the detector does not utilize the full area. Also, they are important in determining an

averaged evaluation of the surface area tor substitution in the expression for D*.

A.6 GENERAL COMMENTS

A sumrmation of data necessary to evaluatle a detector is shown in Figure A-17, which consists of
2. typical data sheet from an NOLC report. Notice that the data for blackbody and spectral response
are followed by sets of three numbers in parentheses. These numbers represent quantitizs which have
esstntially vecome stanaaroes tor raung intrared detectors. The notation D* (500, 0, 1) under black-
body response means that the test blackbody was operated at SOOOK, the radiation from the blackbody
was amplitude madnlated at a frequency of 90 ¢ps, and the bandwidth of the evaluation was nor malized

to 1 eps. For D*ia, 40, 1) under spoctral response, & refers to the waveleuyih at which detector

[
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response is a maximum, while the other numbers mean the same as above. The quantities H" and

PN refer te detector noise equivalent irradiance and Nk P, respectively.

A gquaniity denoted as ""Jones' S appears in the tabie and merits discussion. The term was sug-

pested by R. C. Jones ( Reference A-8) early in the development of infrared photoconducting detectors.

Relfer to Equation 4-52, separating out the factors of frequency. bandwidth, and area: it fellows th

..... 2OW3E inal

-

the detectivity 1n the excess-noise- himited case is proportional to the square root of the frequency,
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CELL SENSITIVITY

CONDITIONS UF MEASUREMENT

5009 K bluckbody Chobping frequency (cps) 90
response
o Bandwidth (cps! 5
dy (watts cps! 2. em?)
300. 99, 1 1.5 x 1079 Hamidity (3 23.5
(500, , 1) e
o ' ' Cell temperature {2C) -185

Po (watta/cpsi’ &)

(500, 90, 1) 1.0 x 10”19 Dark resistance

(500, , 1) . (chms) 5.2 x 106
Jones S (wattscm) Dynamic resistance .

{500, §0, 1) 6.5x10°9  (chms : ..

(%06, .Y L.

Load resistance .

D* {cm- cps!’/2/watt) (ohms) 5.5 x 108

(50, 90, 1) . 15x109 . _

(00, ,1) ..., Transformer e
Spectral peak (i) 1.5 Cell current (x amps) 1.5
Response at spectral Cell noise (u voits) 47
peak

Blackbody flux density
Hy (watts/cps? 2. em2) (u watts/cmé, rms) - 7.1
(x, 80, 1) 4.1 x10-1
o . ...
Py (watts, cps1.'2
(x, 90, 1) 8.4 x10°3
. n .
CELL DESCRIPTION

Jones S (wauws/cm

(, 90, 1) 5.8x10°11  Type: Ge (AuSb daged)

(, ,1) C e e

) Anguliar field of view: approx. 1100

D* {cm - cps!” 27 waty)

{x. 90, 1) 1.6 x 1612 Winduw: sapphire

A, ,D e

Etfective time
constant (p sec) 8.1 x 10?

Method of prepar4tion: crystal

Area (cm?): 2.25 x 1072

HEET NO, 875

PHILCO CORP., CELL NO. i207

FIGURE A-17. A TYPICAL DATA SHEE'T
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e anvereell propertional to tht syuare root ol the product or area aad bandwidth. It follows that the
PG de el as

——

Jonee' 8 = V. D*

v nwantity independent of the {requency of a mieasul ement and therefore useful for evaluating intrin-
o1l uctecuvity.  ine deveiopment of infrared detectors, however, has advanced to a state where 1/f
i~ timitations have been reduced to the puint whire this concept is no longer useful. It is incor-
rectly used when applied to any of the other types of noise limitations, Jeones has recommended thsi

Anrepafe he diecnntinued-as a means of ratine detectors. This probably will happen in the near future.

Finally, as a generally useful report, which covers much of infrared detection technology, see

. Reference 9.
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Appendix B
IMPAERSICIN LINSES for INTRARED INSTRUMENID

Williain L. Woife and J.hn Duncan
B. 1. INTRODUCTION
Maiiy infraied wustrument applications require large-aperture, high-speed, optical systems. The
straightforward approach to this probiem 1s careful design and painstaking manufacture of precious
surfaces — which ofter must be aspheric. But the straightforward wechnique has engineering limita-
tions, e.g., maximum obtainable size of refractive elements, and stress and temperature problems
with very large reflectors. The requircment for volume and weight reduction 1mposed hy space ap-

plications 19 also an influential fartor. Accordingly, optical designers have come upon the id

arngly, 1 0 1Gea O

e,

using small field lenses in contact with detectors. These lenses provide an engineering advantage
over larger optical systems-— and provide an additiunal advantage when used in an already large,
high-speed system. The usual arrangement has been a hemispherical button which provides a gain
proportional to the refractive index (Reference B-1). One of the authors of this appendix (W. W.) sug-
gzested some time ago that some improvement might be obtained by the use of the aplanatic surface of
a hemisphere. More recently, it iias been shown that the gain for the aplanatic case is proportional

1 . . T
to a squared. This appendix presents a more thoroigh investigation of the problem.

There are tvio general cases for which the gain should be calculaied: (1) sources which are small

compared to the entrance window of the optical system, and {2) sources which are large compared to
or about the same size as the entrance window. It also is important i specijy whether the gain is ob-
tained by changirg thé position of the detoctor asseinsbly in the optical system (keeping the detector
size constant) or by chaiging the detecior size, keeping the position fixed. Finally, the gain will de-

pend upon the configuration of the lens itself. Only the hemisphere and aplanatic hyperhemisphei‘e
are considered here.

This resulf: was obtained by Eric Wormser and John Strong and indicaied in a private com-
munication.
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The inclusion of all these parameters in the nalysis requiras consideration of eight cases.
These cases are listed below:
1. Point Source
A, (Onustani- Area Detector
1. Apianatic lens
2. Hermuspherical lens
. Cunsiant-Posiucn Detector
1. Aplanailc lens

2. Hemispherical lens

1. Aplanatic lens

2. Hemispherical lens
B. Constant-Position Detector
1. Aplanatic lens

2. Hemispherical lens
B. 2. DEFINITION OF CAIN

Since infrared, immersion, optical systems are the sole subject of this paper, the gain can be

defined as the ratic of the cutput of an inirared detector which is immersed to the outpnt 2t an untm-

mersed detector. Tke useful output of a detecior may he specified as the signal-to-noise ratio §/ N

generated by a glven input powcr ©. This caa be written in terms of the detectivity D:
S/ N=PD

Thus the gaw (}is
(S/N) P!

Y“=75/N T Pp

where primes indicate quantities describing the immersed system. The gain is equal to the ratio of the
product of the incident pcwer and the detectivity for the two cases. It has been shown that the detec-

uvity ot a detector is inversely proportional to the square root of its area (Reference B-2). Thus,

N
F N
E-Y
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B.3. POINT-SOURCE CASES
If the object to be viewed is a radiating point source, and if reflection losses ara ignored, the

pootr received by an immersed detector 1S the same as the power réceived by an unimumersed detec~

tor. Then the gain is

JPaja (A
G=% \Na Na

If the detector area is not changed (Cases LAl and IA2), there is no gain. If the immersion lens is
used so that the area of the detecter can be decreased, the gain will equal the ratio of the square roots

]
of the detector areas. For the aplantic lens {Case IB1) this ratio i n“, or

2

G=n

This rclaticnship can be obtained through the following considerations ( Figure B-1). A spherical
lens of refractive index n aud radius r is placad in air (of refractive index 1). Then two hypothetical
gpheres are constructed concentric with the spherical lens, one with radius nr, one with radius r/n.
The iens then has the property that all rays which would have intersected the outer sphere at B (e.g.,
AB) now intersect the inner sphere at C. Fuithermore, the image is aplanatic — it has no spherical
or comatic aberration. The properties of such a sphere are further described in the literature
(References 13-3 ty 3-5). It 1s fasy to see that if chords are good appruximations to arcs the ratic of
the linear dimensions of the images of the optical system is given by CE/B¥. Further, the triangles
DEC and DBF are shmilar; thus :

The linear dimensions of the detectors have the ratio 1:n2; the areas have the ratic X:n4. So the
gain is

IA. I the area is changed (Case 1BZ), the magnification expressions for a single spherical
surface can be used. The result is
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FIGURE B-1, APLANATIC SPHERE

R.4. EXTLCNDED-SOURCE CASES

Next, the extended-source cases may be considered. For an extended source, the radiance
divided by the square of the refractive index is constant. Thus

G. PL_NAWL qﬁ_\lzj
" PD NAwWD T w VYA

where - is the solid angle of the optical system. For constant area (Cases [1A] and IIA2), the gain

is proportional to the ratio of the solid angles of acceptance and n2. These angles can be determined
as follows: the angle o 1s the area of the principal vptical element divided by the focal length squared.
When the immersion lens is introduced, the angle w’ is the area of the image of the principal optical
olemeont formed by the uuncision lens aivided py the distance of the image from the focal plane. Con-

sider Figure B-2. The image of the uptical element h is h', The object and image distances are o and

1, respecavely.  Then from twe expressions for magnification it is possible to write

Thus

L'l-!lul-i_l i Y SR | SR
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!5 - 1. Thus fus Case IIAL,

.2
¢ nf :
G =[]
id e rn)
Wt s G 1AL,
L2
~ _ (i}
G =[5
Ny

The problem then is to determine d. Reter to Figure B-3. The equation of the edge ray is

y = -Ef %X+ h
A
4[\\
- h
~
n S~
~,
hl ~
. 25 [N e
| R | | L | 1
e 0 ——s Iy | —— »—r‘—-*———s—n—-——-{
i B
' d >l | le d —_— !
I H :
— o f N
FIGUR# B-U. SOLID-ANGLE GEOMETRY FIGURE B-3. IMMERSION-LENS GEOMETRY

where h 1< the semidiameter of the principal optical element and { 1s its focal length. The equaticn
for the immersion lens is

“x-d)zﬁy2=r2

Other relationships can be obtained from the geometry; an explicit equaticn for d might be derived,
but it would not be very useful because of 1ts complexity. However, one can also assume reasonable
values for i, h, r, n, and d, and sulve for the detector height (. These calculations require: (1)}

simultanenus solution of the two equatinns above for specific values of f, h, r, n, and d. (2) determin-
. -17 ()
aton of & - tan :

3

o £3}) determination of » = & - +: (4) calculation ¢f »' = sin

-1 T(sin »)?
! n‘_'

and calculationof ¢ = & - »'; and ¢ 5) calculanton ot { - v+ (x -d)tan o, These ¢
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aiso be done craphically. The resalts of the graphical computations are shown in Figure B 4.

o . . ER
Figurte P-4 35 a graph of detecior heighi as a function o1 positicn of the immersion lens for an i/ -
- oAy

SYSten (Tho5n Shse wi i/ 1 bul su tuat U haif angie 15 50 ). Al vaiues of the parameters have

Nadiicd tu L sadius oi the immersion iens,

[ 1 1 T 1
1 - .

O.SW\

X o8 ™S

0.4

0.2}— -

S
AN

1.8 1.6 L4 1.2 1.0 0.8 0.6 0.4 0.2 0
s8/r

FIGURE B-4. DETECTOR HEIGHT VS, DISTANCE
FROM ORIGINAL FOCAL POINT

The ygraphical computations were obtained in the following way. From Figure B-3 it can be
asan that

[3 r

R )

g o LSing
TS Cos (6 -eN

The second useful relation is Suell's law for a material of refractive index n in air. This is

sin ¢' = =sin ¢

e

These twe equations can be solved simultaneously to obtain £ as a function of & for given n and ¢

tie., 3-9). The solution for ¢ = 30° and n = 4 is plotted in Figure B-%. Tiie coordin

cordinates wr aormalized

to the radius of the immersion lens. The equation of the edge ray 1s

y=-xtan # + h

which can be uséa to find the position for the lens in the system. The x coordinate of the intersection
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of the ray with the lens is

If d is the distance froin the entrance aperture to the back surface of the immersion lens,

_-rsind - h
T tand

d=x+rcosd

siné )

h
d = m——— r(cog [ tan g

tan 3

The focal length of the original optical system is

Thus

f~ h'/tan 2
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Figure B-5 shows the relationship of { and & for givenn and #. Figure B-6 shows s/r as a

function o1 5. Thus (. r and s/ r can be related by use of the two curves, and gains can be calculated. |

|
The sruph can #ow be used (o obtain the results fur Cases I1A1 and IIA2.

If the position of tne lens in the optical systern is kept constant (Cases IIB1 and 11B2), 0 + r or

U -1 nwill be equal to t, and w = w'. Then
6 =n® 2

For the anlamatic casy, the gain 1= 1: tor the hemispherical case, the gain is n.” This case alsn

results irom o4 requirement to keep » o'




PO

vy

I T P

15,

lnstiivie of Science and Technology The University of Michigen

B. 5. LIMITATIONS
n the gains derived above no losses by reflection oo absorption were included. A loss factor K
may be introduced:

¥ (1-pe

where 5 15 the intensity refleciion coeificient, a is the absprption coefficient. and x is the geometrical

1l
probabiy not be incident at an angle of more

O ~ e e v
Palh deariin. Pee-nse (e ramarion 1310

o . . ks
than 407, it is reasonabic to approximate p by the IFresrel expression for nermal incidence,

{,‘ -1 2 1
P \n+1) f
Thus, |
K= 4n e-ax
(n + 1)

In most cases. the reflection Insses can be reduccd significantly by caatings. In regions of no absorp-

tion, K may have values of 0.9 to 1.0.

Therec is a limitation in the use of an iz','nmersion lens in very fast optical systems. As the speed !
and theretore the solid angle is increased, the marginal rays strike the iens-detector surtace at more
oblfvjue angles. As the refractivé index of the lens compared to that of the detector hecomes larger,

the critical ang': also increases, and the size of the bhundle which can be accepted by the lens-detec-

tor combination decreases. - . 4

Thus 1t can be seen Lhat the desinable opticalr properiies of 2y immersion lens are low absorption
and high retractive index. However, if the refractive index of the lens is larger than that of the detec-
tor, the speed of the optical system will eventually be atfected. Finally, reflection losses should be
considered and reduced as much 45 pussible. In this connection, the refle::tion luss at the curved
front surface of the immersion lens may be considerably less than the loss at the flat surface of an

unimmersed detector in 2 high-speed nptical system,

B. 5 APPLICATIONS

Althougi: ihes appendix s not c«mccrnéd with properties of thermistor detectors, it is uselui to
review the characteristics ol immessed thermastors to illustrate the resulis obtained by the method.
¢ Most ot the fotlowing discussion 1s based on an excellent review of thermistors by DeWaard sind

Wormser, Reference B-1).
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Chermanigm oy voased s the lens material {p . = 4 through the infrared, n, . =
Ge thermistor
J.ui. Liie hage vioectiical conductivity of germanium pievents direct immersion of the thermistor
st el st e ais clecit o nperaiton would beoampaired. such immersion would otherwise oe very
desirabie. Geirmanium has the desirable high index of refraction and the thermistor material matches

it rAIRONA

aibly well. The critical angle becomes large and the reflection 1osses at the thermisivi-
germantum interface smaii. The electrical pmpertiés in this case, however, are overriding. Thus,
SURE diluit layels ol polvethylene, Mylar, and other plastics were used until selenium was determined
to be a superior material. The selenium used was arstnic-madiiied amorphous sei\-':hium, also called

selenium glass. It wot unly pussesses superior optical properties —- better transmission, even in thin

layers " aad higher refractive iindex-——but it i3 alsc superior mechanicaliv in a number of ways.

)

It skould be mentioned that in the design of immersed thermistors, specific heat and thermal con-
ductivity plav an tmportant role 1n the choice of lens and film materiai. This is because the lens is
aisu ustd as 4 Bicai sk, With photoconductive detectors these considerations do not apply.

The Burnes Epgincering Company hias made suome tests 1o compare the periormance ol immersed

systems to those which did not have immersion lenses. The experimental results for hemispheres

approached those predicted theoretically. . )

Substituted fur unimmersed bolometers in Barnes 4-in. OptiTherm Radiometers,
these immersed detectors have exhibite” ~'nse to theor ~tically predicted perfor-
mance. Immersed aad unimmersed bolometers with identical fields of view and
identical time constants comparéd in the radinmeter syatem showed the immersed
detector to have been better than 3 times the detectivity (signal/noise) of high qua-
“lity tcoupper-Mylar, Type D, Figure 3-3) unimmersed units. ( Reference B-1, page
£0;.

Further, Fijvre B-T7 illustrates the comparison of field of view for the immersed and unimmersed

detectors,

In the case of a jcrmanum lens with a selenium {ikm separator, a field of view approaching the

iheoretical limit was obtaned. The critical angle 1s ¢ .
.

In Nnracticn 3 Tnrmaans s
inoprachice, 2 ogornmianiam

W0 Spaciical iens 1> gruund and puiished: a comirolied-thickness
selemium laver 1o cvuporate d vitu the plane surface: and the thermistor detector is tamped into place.
¢ Finallv a laver of selensum 1< evaporated ontc the detector to provide insulation for the Zapon-black

backi .}
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Theoretical Field of View
b — Immersed 0.5 ¥ 0.5-mm Thermistur ————§
E 10 Angular Mils
i

i ) LY

P / Field of View \
/ Unimmersed

, 0.5 x 0.5-mm
) 4 : / Thermistor

J : y 2.5 Angular Mils

~a

O Snnrce Wiza
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FICURE B-7. COMPARATIVE FIELDS GF VIEW OF IMMERSED AND UNIMMERSED DETECTORS IN
’ BARNES 4-INCH OPTITHERM

RELATIVE SIGNAIL
~,

Immers.on lenses tor photocunductive detectors provide & somewhat duferent set ot problems,
although the basic theory and many of the techniques discussed for thermistor-bolometer immersion
[enses still hoia. A gain 1n lmear dimension approximately equal to the refractive index aquared'may
be obtawmed, so 1t is still advisable to use a high-index material. Electrical Insulation is a significant
problem, but thermal contact is no longer important. For most photoconductive detectors the field-of-
view limitations imposed by critical angle considerations no longer apply. The deiector malerial has &

higher mdex of refraction than the rmmergica material, ana no separator is necessary.

The Fastman Kodak 7

nnae has manawéad o
BNy th

hao reportcd an optival yain 4l five wika w lead sulide cell was
immersed at the center of a sphere of seleatum glass (Reference B-8), (Apparently the glass is their
argenic-mr -dified selenium glass with an index of refraction of about 2.5 at about 2 u. Thus, s‘nce’ they
u'-i_,.E a hemisphere, a theoretical area gain of about '6.25 can be expected.)

| 1
The Fastman Kodak Cumpany has also tried germanium as an immersion materiat ( Reference
-7}, Electrical shunting problems arise as with thermistors. Silicon monoxide has peen us~d 4s
&

an sulating i, but small holes in the ilm have caused shorting problems. They have alsc tried

stoontium ttanate, titanium dioxide, and NBS experimei:ial glass F-234 for immersion.

The immersed detectors currently made by the Eastman Kodak Company are lead sulfide depcs-
ited onto strontium titanaie lenses, The theoratical area gain in this case is almost 2.3, the value of
the refractive index around 2 ;. Infrared Industries and the Electronic Corperation of America both
report that thev have heen wuccessful i not only 'mmersing PhS o SrTiCB, but aisu i covling the

compnation e ohguid airozen temperatures.

253

§ A el




R
t

e o B COMSEEETIN AL 1520 ST 5 NN ETIONG R  GH FREwE M e, ¢

i

¥

TRt

’e

we o

Wl vime

Can i

instityie of Science and Technolsgy

The University of Michigan

[nis ot cnurse pomts out tie additional characteristic which is desirable in materials for immer-

swn lenses. mainty for quantum deteciors: the thermal expansion of the lens ghould match that of the
detecror . The linear coefficient of the thedmal expansion of lead sultide is about twice that of stron-

tium titanate. {kp o - 18x 107% per Geree centigrade, kSrTiO;; S 52 %1070 per degree centigrade).
One wonld therefore expsct 2 -cort2in any ration when the combiaztion is cooled by approx-
imately au”(,‘, although the lead suliide fi[lm could spread vut sume,” The combination is probably
more stabic when the thermal conductivity of the lens matvches that of the detector. One approach
might be the use ot barium titanate, whilch has an expansion coefficient of 16 x 10'6 per degree

centigrade in the temperatur. range considered and a high dielectric constant. Its refractive index

is about the same as Sr'I‘iO3 ( ~2.40),
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Appendix <
CGOLING DEVICES for INFRARED DETECTORS

Paul R. Darker and Wiiliam L. Brown

C.1. INTRODUCTION

The nperating temperatures of present-day infrared detectors range from 1.2°K in the case of

impurity activated indium antimonide to 300K tor the lead saits. The proper temperature for a given

detector is deter mincd by noting the temperature dependence of the optical and photoeiectric proper-

ties, and choosing that temperature which provides the best results for the sysiem olf interest. The
important characteristics which depend upon temperature are detectivity, time constant, spectral
respouse, and resistance. In some cases detectivity may be ontimized by cooling wiid liliie or no
sacrifice in tims constant, resistance, or sapectral response.  Examples of this are high-impedance
indiurn antimomde and indium arsenide, where cooling to 193%K provides optimum detactivity with
little change 1n the other characteristics. On the other hand, the characteristics of lead sulfide are
strongly dependent on temperature. Conling causes a shift in long--vavelength threshold toward

longer wavelengths, in contrast to the shift toward shorter wavelengths which is characteristic of

most sther wales ials. However, the recombination time increases with decreasing temperaturey

as does the resistunce. The effects of temperature vartation for lead sulfide (reference 1) are shown

in Figures C-1 and C-2. Figure C-1 shows the variatuon of spectiral response with temperature, and

Figure C-2 presents the dependence of detectivity upon chupping frequency, with the temperaturc and

corresponding time constant as parameters. The detector element which requires cooling is usually

‘nounted in a vacuum flask, called a dewar, 1nto which a cooling head may be placed. The f{lask is
double-walled, with the detcctor mounted on the inner wall and an infrared-transmitting window in-

Sy~
CITEOTa

ted intu tirc vuier wall. tn situations where it ib impractical to piace the cooling head close
tu the detecter, 2 nighly conductive material (e.g., a ruby rod) is used as the heal-transmitting med-

lum betweon the detector and the ecnoling head.

several methods arc available for couling an infrared detector to the required temperature and

namtaningg that temperature during the desired dperating lime. The cooling devices derived from

these methods are of fonr maior typos: (1) dhreci-comact coolers, (2) Joule-Thomson cryonstats,

{3} expansion engines, and (4) uiermoelectric coolers. The firsi three of these are considered in

dei-nl i the sext sections, tollowed by a brief discussion of thermoelectric coolers and other matheds

ol cooling. Section .6 presents sume information nn commerere] models of coulcers.
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NFETECTORS SPECTRAL PEAK WITH CHOPPING FREQUENCY

FOR PbS, Af = 1 cps; A = t cm’.

£.2. DIRECT-CONTACT COOLERS ,

The simplest tecfmique for cooling infrared detectors 18 one in which the detector is in direct
thermal contact with a supply of liguid coolant (e.g., nitrogen). A great variety of such direct-contact
coolers is available, in wtdély varving sizes, for low-temperature applications. Nearly every major
producer of infrared cooiing devices makes at leust one type of direct-contact cooler for infrared-
detector applications.

g

Often the direct-contact cooler consists mereiy of an unpressurized supply of liquid in the detector

dzwar, but the systems vary up o types requiring pressure regulators, insulated supply lines, healing
plements, prassurized cooling heads, and pressurized tanks. One of the more basic systems will be

described iirst, since the simpler c.boling devices are merely truncations of the basic apparatus
which transfcrs liquid conlant {rom a low-pressure suppiy tank to the cooling head by means of a
pressurized chamber (Figure C-3). The physical cperation of the system is as follows. The supply
vialve opens, allowing liquid to flow from the supply tank 1nto the pressurized chamber. As soun as
4 predetermined level is reached, the supply vaive cisses aud Uk weaier i luaned il The pealer
1s-controtled by a pressure sensor which is set to maintain a flow of liquid into the cooling head at a

rate suificient to replenish the liquid which boils off. Gas formed from heat exchange with the ap-

130 e S S T P AR SY O 0H  CR a

paratus fiows through the return line and out the vent port. Any excess hquid flows back to the supply

tank through the return line. As soun as the hquid level in the pressurized chamber falls below a

=
=
=
Z
=
=
-
E
£
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FIGURE C~3, BASIC DIRECT-CONTACT COOLING SYSTEM

certain level, the level sensor shuts the heater off and opens the supply valve, admitting more liquid
from-the supply tank. The process then repeats itself until the supply tank is empty.

It is evident that the above system may be simplified without seriously limiting its performance

as a enoliy device. The pressurized chamber, supply vaive, and return line may be removed and
the heater placed in the supply tank (Figure C-4). This modified system i8 the most zommen direci-
contact cooling device on the market. The main proble:n encountered is the waste of liquid by over-
flow [rom the coatiivg head.

The sinplest system of ali :nay be cbtained by further elimination of the supply tank, heater.

and supply ling, leaving unly the cooling head. A limited supply of cootant may then be poured into

the dewar and cooling wtll proceed until the liquid 1s completely evaporated. Such a system is quite

satisfacinry for laboratory usage and has been developed by sonie companies for use in field appli-
cations (Reterence C-2).

A direct-contact liguid-helbum cooler has been descrived (Reference C-3, page 332) in which

tenperatures less than 4.2°K have been maintained for relatively long perinds of timeo, The sysiein
p 3 gr ys

derives 11s usefulness from the fact that the saturation temperature of a substance decreases as its
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FIGURE C-4. MUDIFIED DIKECT-CONTACT COOLING SYSTEM

pre;surc decreases (Figure C-8). Liquid helium, at atmospheric pressure and 4.29K, is delivered
throuvh a "flash-evaporation™ valve into a region of constant low pressure where part of the liquid
evaporales, cuuiing the rest to the low-pressure saturation temperature. The temperature is con-
trotled b regulation of the low pressure. The major limitation of the system is the size of vacuum
pimp requited to matetain the low pressure. Ten mw uf cooling at a temperature of 1.25°K were

obtamned with a 10 cubic-ft, ininute varuum pump which maintained the pressure at 1 mm of mcreury.

C.3. THF JOULE-THOMSON EFFECT

One of the morc common methods for cooling infrared detectors employs a device known us a
cry-stat, in which a high-pressure gasis caused to flow through a tube and expand to low pressure
through an orifice ot the enu of the tube (Figure C-5). Cooling accompanies the expension due to a
piwnomenvi huvwi is the Joule- Thomson (or Joule-Kelvin) effect. The cificiency of the device i8

increased by allowing heat exchange between the cooled outgoing gas and the warm incoming gas.

C.3.1. THERMODYNAMICS OF THE JOULE-THOMSON EXPANSION. The classic experiment
which exemplifics the Joule- Thomson cifeci was lirst performed by William Thomson and James Joule
abour 100 vears agn. The experiment utilized a porous plug, made of cotton, embedded in a beechwood
pipe {essentially an insulator} te provide an adiabatic transition from a region of constant high pres-
sure On oue side ol the piug to a reglon ot constant low pressure on the other side. The porous plug
wvas used mstead of a smiall orifice vecause 1t was conside - ed desirable to have a smooth, uniform

flvw 1 the iow-pressure redios 0 that the thermodyndans ¢ quantities would be well defined.
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EXPERIMENT

The porous-plug expcriment may be represented by the sysiem shown in Figure C-6. After a

stcady -state lemperature distribution i¢ reached in the system, (here is no heat transfer along the

s stream. The gas in vy and Vg may be considerad as one mole of gas observed -before and after
passing through the plug. '

As the gas flows through the plug, the forece plA acts through a distance vl/A and the force pzA

ats through a distance 2% A. (See Section C.8 for definitions of symbuls.) The torat work is there-
fare

fd‘” =PyYp T PaY

There is no heat transfer along the gas stream nor through the pipe, and thus

) J-dq=0
The ch

chauwe in kin€tic and potential energy is neyligible, and so the tirst law of therm’bdynamlqs re-

duces tu
Au = qu -fdw

Therefore,

The enthalpy is defined as
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DY ivwaiting the {irst-iaw relanon as

T LY, =d,. o+ v
Y17 P T2 TRV
it 2an he Seen that the porous-plug experiment 1s 2 constant-zathalny {(isenthain

a £

i of lnierest o tvestigate the Joule-Thomson effect from an analytical thermodynamic view-

point. This may auite easily be done. The following relationships (Refersace C-4, pare 60) hoid for

any gas:
dh =Tds + vdp
ds = (65/8T)pdT + (as/ap)po

-1 -i
4 ~ S -
(0s/¢ T)p =T (ng/cT)p CpT

/a = <{3v/37
(8s,~p)T {ov/2 )p

Combiring thesa for dh = 0,

~ r
(2T/0p), =¢ ! | T(@v/2T) - v}
" r |8 1 J

The guantity (a':j,-'ap;b i6 vailed *he "Joule-Thomson coefficient" of the gas. The temperature
change in a Joule-Thomson £Xpansion is given by

P
A'I‘=f (S'i‘/ap)hdp
Cpy

The nature of the temperature change during a Joule-Thomson expansion can be studied using
van der Waals' gas equation (Reference C-4, page 55)

b~ av-z)(v - b = RT

where a 1s a constant which relates to the cohesive forces between the molecules, b is a constant

: accounis fus i finite voiumes of the molectles, and R is the €as constant. Neglecting second-
order ternis g a and b,
[¢TN . -1/ 2a

), “» \RT Y
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vais dec Waazis' equanon, (2 T/2p). > 0. when T < {Za he) The ooint |

{(¢Trep), = Uis RKnown as the “inversicn puint.”
il

when T < (2a/bD). The point in an isenthaipic process at which (ET/Ep).n =0 is known
version point.”

It shwuid be emphasized that van der Waals' equation does not represent the properties of an
éctual gas well enough to permit an exact analysis oi the Joule-Thomson effect. An example clearly
illustrates this point., Careful measurewments by Roebuck and Osterburg {Reference C-5, page 51)
using nitrogen gas at atmospheric pressure between 93%K and 373%K yielded the empirical formula

(27/2p},_ = -0.0020 + (36/T)? °K/pet
whereas, with values of a and b from Reference C-6, van def ‘Waals' eqixation gives

@1/0p), =-0.0092 + 8.0/T K/ ps
The same analysis which describes the porous-plug experiment holds for "throttling"” through a
valve or an orifice, as in a cryostat, since the assumptions of no heat transfer and no change in kinetic
and poiential energy still apply. In general, it may be said that the temperature change of a real gas

under conditions of cosstant enthalpy depends upon the initial and final pressuras and the initial tem-

perature of the gas. The magnitude of the tcmperature change associated with a given set of inlet and

outlet conditions may be determined from curves showin

4 Sl

R

temperaiure as a function of pressure at
constant enthalpy, as in Figure C-7.

4 - Maximum Inversion Temperature

\

TEMPERATURE

~~Inversion Curve

\

NN
\I

~ —_—
PRESSURE

FIGCURE C 7. ISENTHALPIC CLRVYES AND
INVERSION CURVE FOR A GAS
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LvoathielnStood Thit expansion through an arifice 1 not a gradual process {i.e. is not
JunRi-ctatic)

3 a0 the 1senthalpic curve 1S not the graph of the expansion process, but rather represents
the locus of ail equilibrium states of the gas at a certain enthalpy.” Hence, when the inlet condition

4

correspcnd to a puint on a certain 1Senthaipic curve, the ouilet conditions will fall en the same isen-

thaipic curve, but nothing can be said about the "intermnodiate states” of the process.

A method of obtaining an isenthaipic curve for a gas is to allow the precsare of the cas to de-
crease in small steps through a series of throitling valves and measura the temperatures and pres-
sures at each step. The points corresponding to the measured values of temperature and pressure
ire on the iscathalpic curve, which reaches a maxifiium ai iis inversion poini. By using severai dif-

ferent initial temperatures and préssures, whole tamilies of isenthalpic curves may he obtained.

The locus of all the inversion points is tne iitversion curve {or the gas. For any initial condition
(pl. T]) falling to the left of the inversion curve, cooling will accompany expansion to (pz, TZ) at
some point along the Isenthalnie curve. If the gas is initially tu the right of the inversion curve, the

temperature change could be pusitive or negative, or there might be no change at all.

If the gas 1s initially above the maximuin inversion temperature (Figure C-7), it will always
heat up in an isent'hzl;iblc expansion. An example is compressed helium gas at 200 atmospheres and
at room temparature, which 15 sufficiently above the maximum inveraion temperature to cause a
rise o1 120K upon expansi- . to the atmospherc. ;

Condensation will oceur when the outlet temperature and pressure fa!l on the saturation curve of
the gas, as at point I} in Figure C-8. Note that the isenthalnic curve does uui cross the saturation

. k.
curve, but rathc

¢ fulluws along 1t for some distance before finally rising above it again. If the outlet.,

cuaditions currespond to point C in Figure C-8, re-evaporation will overcome condensation and no
irguid will form.

C.3.¢. JOULE-THOMSON COOLERS. The Joule-Thomson cooler is probably the most common

of all infrared cooling devices. A few of its more important features will be discussed here.

The cryostat, as the Jeule-Thomson cooler is usually called, 18 made from a length of finned

tubing, coiled around a mandrel, with an orifice at the exit end of the tube (Figure C-5). A high-
pressure gas enters the tube at a *femnerature helrye 1t

S NI T

iy

M&kisiuai MiVErsion ieinperaiure. It pagses
through he tube and expands at the orifice, cooling by virtue of the Joule-Thomson effect. The gas,

tnus cooleld, passes back over the finned tubing, cooling the incoming gas, The process is carried

sly until liquid bogins to emanate from the orifice. The temperature of the cooled gas
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FIGURE C-8, ISENTHALPIC CURVES SUPER-
IMPOSED UFON PHASE DIAGRAM

is then constan:, since the liguid-gas combination is a saturation stite of the gas (e.g., point B, Fig-

ure (C-#). Thie temperature is the boiling roint of the gas at the exit prcfasure (atmospheric pressure

in the case of conventional cryostats),

The finned tubing muet have a very small inside diameter in order to give a large ratio of sur-
face-area to voluine and thus to provide efficient heat exchange. This narrow passageway is subject

to clogging, since the extre.nely low temperature of the tubing causes any impurities in the gas to

freeze on the surface. For this reasen, it s important that extremely high-purity gas be used in the

cryostat and that the crycstat itself be kept free from contamination while it i8 not in use.

A method of cbtaining high-purity gas with little technological effort is to use a tank of liquified
gas as the supply, =ince any cuntaminant which might freeze on the tube surface is automatically
“frozen out” in the tank. A leaier may be used in the supply tank to generate the gas at the required

inlet pressure, which 1s typically above 1200 psi. One problem ‘encountered with this type of supply

1s evaporation of the liquid during standby. However, a liquid supply is much simpler than compressed
gas supplies in that it requires no elaborate filtering apparatus, and the supply tank is at a relatively

low pressure and vccupies much less space than a compressed gas supply with a comparable mass of
coclant. '

Closed-loop cryostats have been made which recycle the gas in ord

r to provide continuous up-
eration for long periods of time (Reference C-3, page 324, and Reference C-7). To accomplish a

conunuwusly operating.cycle of this type, the expanded gas must be pressurized by a noncontaminating
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compressor. Such a compressor may be huili with a diaphragm {iteference C-3 ge 317} or with a
P k3 ~ L I 4

noenlubricatsd piston (Reference C-8, page i32).: 1

T4, RXPANSION ENGINES
when 2 ges 13 aiiowad lo expand and do work without exchanging heat with its surroundings, its
internal energy is decreased Ly the amount uf the work, and hencs its tempesature drops (a.:s can be

ahnwn hy the firat law of thermndvnnmir}n)'.' As o resu:lt of tha work of Colling (Refarenss 4:_-‘_'_9 naos

Ss o

157) and Kapitza (Reference C-8, page 189), it became practical to liquefy heliumn by the use f ex-
pansion engines. (Hetium is the most difficult gas to liquefy because it has the lowest satura*»on

temperature of any gas and because it has a very small Joule-Thomison coefficient.) The expansion

processes developed somewhat independertly by Collins and Kapltufﬁused cuunter-flow heat exchangers

1o provide cooling of the helium previous to its use in the expansion engine. Kirk and Stirling later

(e
fincd by the Philips Company {Reference C-18, page 10%5) for use in an air ligquefier. The regenerator
¥ b 3 3 q [ _

oifers, among other advantages, some mechanical simpiifications over counter-flow heat exchangers. .

A miniaturized device designed specifically for the purpose of cooling smaii regions to extremely
low 1smperaturc= was developed in the late 1850's by MeMahon. and Gifford, ntilizing 8 gas operating
within a closed loop (Reference C-3, page 368). This device consists of a very short stfoke piston, a
thermal regenciaicy, and a compressor, with a pair of intake and exhaust valves. A schematic Gia-

gram of ihe system appears in Figure C-9.

Sowme descriptive comments about the components of this system can provide a background for
understanding its operation. The piston is utilized as a means of causing the gas iv do work and thus
lose internal energy. The piston haq seailng rings at the top, and appreciable clearance is provided
between its sides and the cylinder w:;li to avoid heat transfer during the cyclical motion of the piston.
Both the cylinder and pision are made of poor heat conductors in order to prevent the longitfxdinal

{low of hcat in the engine.

The regenerator is a heat exchanger made of a stack of fine-wire screens enclosed in a casing.
The gas flows through the screens, which are made of a metal of high thermal capzcity, exchanging

heat during the process. Since the flow of gas is completely turbulent in the regenerator, the heat

P T H - . P I N

mmd o P omamamee LIl 3L . 4L
£ orald 13 VEry gt anu nenadcc u

Y < R sy - PR ar
1€ Ci1Cieny 15 LUNDIMELSULY HIENer viall 10@l o counter-riow

heat exchangers {a factor of prime importance in the performance of the engine).

The valves are operated from the same crosshead which controls the motion of the pision. The

gas flows through the exhaust valve into a compressor in which it i1s compressed by roughly a factor
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of 5. The gas then flows back through the intake valve into the engine, thus compileting the closed
loop. ' .

Tabioie wi -uence and echnoiogy

The University of Michigan

ntake —] Exheust

[ E—

- == : Compressor
- Piston

M\R&Irlgﬂa&d Region l

FIGURE C-9. SCHEMATIC DIAGRAM OF GIFFORD-McMAHON EXPANSION
. ENQINE

The cycle turough which the engine goes is essentlally the Stirling cycle, and may be described

as follows.

The imake valve opens. The piston is at bottom dead center as high-pressure gas enters,
pres‘surizing the regenerator and the connective tubing (Figure C-108).

AN

{v)

PP 1] t.- T
SO Alinlacsy ©X-

The intake valve cioses. The pistoli starta to recede and the gaa under

pansion, doing work and thus decreasing in internil energy {Figure C-10b).

{c) The piston completes its stroke. Upui compietion of the piston stroke, the exhaust valve
opens and the gas expands to & low pressure. As the cooled gas passes through the re-
generator, it removes heat from the screens, causing a temperature drob in the regenerator
(Figure C-10¢).

(d)

The piston returns to bottom dead center. The remainder of the cooled, ex»anded gas is
forced through the regéues aivr and out the exhaust valve (Figure C-10d). As the gas re-
peatediy undergoes the cycle, the regenerator is progressively cooled until the work d;one

by the gas exactly equals the heat flow into the system, at which point temperature equilib

=
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@ _ _ ®)

X

TR

() ) @
FIGURE C-1U. ENGINE CYCLE. (a) First phase. (b) Second phase. (c) Third phase, (d) Fourth phase.

The deveiopers of this engine point out that the system has two b <ic¢ sources of inefficiency.

a The first is the "dead-air space’ in the regenerator. Due to the finiie volume of the regenerator,

suine uf the gas is Lot exbiausted at the eud of the cycle. This is not a great problem, however,

since th» mass of unrecvilsd gas is small because it is at a low pressure. The second source of
sineffictency is the longitut\linai flow of heat in the cylinder, piston, and regenerator. Due to the large
tenperature gradient from the top to the bottom of the system, there is inevitably somle heat flow

= ' despite the fact that the parts are constructed from poor coaductors of heat. The high efficiency of

the regenerator tends to compensate somewhat for the heat flow throigh the system.

A Limiting factor in expansion-engine devices is the material from which the regenerator is
il

tabricated. The heat capacities of most solids fall off considerably at low temperatures (Reference

PR Ay 3 o .t P T B I S
m Ut Uy MEE L FU), aiiv (ULDTYUE LY WIC awidily Uf i€ 5010 WU IEiove nédu 1iividl uic gao Saf

ishies wath decreased temperature. Slaterials such as aluminum, zinc, brasg, and bronze have no

2645

nre




S

| b

oo

PO T

e

b,

» i
i

e e SO BRRGRPET .2 £ P I

RN

&

Sciewws and Technology The Univertity of Michigan

srenificant heat capacity below 350K, whereas lead is able to store fair amounts of heai dewn io ap-

ap
proximately 14°K. Since the maximum inversion temperature of helium gas is 23.6%K. an expansgion

ngine with a lead regenerator may be used instead of a hvdrogen cryostst to cool heliun gas dowa

©
aun gasc LoOWa

A it RINO W Lan Lo wuviud Gy ouiiic- LNOMSON expansion to 4.29K (iteference C-11),
Commercial s nits of the Gillord-McMahon engine (Reference C-12) vse heliur as the wm‘kl"\g

was and provide 0.75 watts of aseful refrigeration at temperatu=es 2= Inw a= 4.29K wsin~ o multiztage

a sing o multistage
it with u Civsed-ucycie souie- jnumson circuit. Single-stage units are currently operational at 60°K,
with a cooling capacity of 0.02 watt, or at 80°K with a capacity zf 0.10 watt (Figure C-11). Aithough

the ratz of cooling is all, the conunuvus-uperation feature of the Closed-loeé device makes inis ,
system practical tor applications where high heat-dissipation rates are not essential. Systems are

under development (Reference C-12) ulhlch are expected to provide 0.05 watt of refrigeration at 35%k

with a mnhl“ unit.
v f‘—-Gas Inlet
] ) .

Cooling Head —| Regenerfator—P;ston Crossnead Assembly

\fC——Gas Qutlet

FIGURE C-11. GIFFORD-McMAHON COGLER. Scale: full size.

A dovelopmental model of a cicsed cycic hellum expansion engine has been built which uses no
valves or compressors and is capable of producing 2.0 watts of uszble refrigeration below 300K, with
a cool-down time of 10 minutes (Reference C-12, page 63). The cycle is basically the stirling cycle,

with compression and expansion both occurring within the cylinder of the engine.

C.5. U1HER MbBIHODS OF COOLING
Coohiny devices exist other than the three iypes previously discussed 1n this appendix. Among
the more promising of these is one which utilizes the "reverse thermoelectric” principie known as

the Peitier effect. It seems that it will eventually be feasible to make therinoelectric covlers which
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wil prodecs refrigeration at lemperaares Lelow wiat of lguid nr cogen, although snch svstame haes
not yet been developed. A more coinplete discussion ui the Feitier eifect and ther moelectrie coclers

appears in Appendix D Of this report.

v mmie o G0 G e dalbvialOry W acilieve ledhperatures near abselute zere is to cool a para-

magnetic salt (= salt which becomes aghuiized in the presenge of an €xiernai magnetic fieid (by
liquid helium while it {8 exposed to a strong magnetic ficid. Ordinarily the temperature of the aait
would siav due Lo thie dbsorvtion vl electromagnetic erergy, but the liquid hellum dissipates the heat
through evaporation. After a near-steady state is reached, the space surrounding the salt is evacuated
to provide ihermal insulation, and the magnetic field is removed. 'Nw tempeorature of the aaii is thus
reduced beiow j:quid-hehium temperature as a result of the adiabatic demagnetization of the crystals

(Reference C-5, pages 271-279). However, since this technique {8 nt5 continuous, it 18 nct well suited

ta detector appitcationy and hence is not considered in detail in this appendix.
A cooling apparatus was built and tested in 1946 (Reference C-14, pages 108-113) in which a
compressed gas was caused tu enter a cylindrical tube thruugh a tangential nozzle, the 1iow inside

the tube initially approximating a vortex field. As the gas traversed the tube, the flow became ro-

tational, causiug lieal tu flow from the gag near the ax!s tcwaid the wall of ihe cylinder. The cooled
g4s near the ax's was then separated frr. n the heated.gas near the wail and 1sed as a coolant. This

device was suggested as a method for producing cold air for use 1n mine shaits, but evideatiy was

not developed to the extent that it rould be used for cooling detectors, even though such development
might be technically feasible. '

C.t. COMMERCIAL COOLERS

For field applications a cooler should be light in weight and have both Ligh efficiency and gooltli
reliability. The ease with which these qualities can be obtained depends on the type of cooler and
on the reguired temperalure. Table C-1[ 1ists parameters of the "optimum” ctl)olers oi':different types
which are commercially available. In selecting th¢ coolers to be listed an attempt was made to choose
those which combine minimum weight with maxim"(m\l cooling capacity and efficiency. The purpose cf

this table'is merely to give a general idea of what can be expected from each type of cooler.

Tables C-2, C-3, and C-4' list speciiic models of commer cial coolers which 2re n0W% in pio-
duction. Also lucluded are a number of prototype models, some of which may eve;ntually be put into
production. Table C-2 lHsts direct-contact coolers. Table C-3 lists cryostats which are just cooling

Tables ¢-2, C-3, and C-4 were compiled by David Anding and John Duncan.
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tieade ool TOQUIT L R0 lAlws.aa: epbly of gas. Table C-1 bsis cuwnplete sysiems, whicll include any
necessdry compressors or storage tanks. Considerable effori was made to include all available
CoSiiTS Suitduie {aa dde wilit tidiared delecivl e 0L 1L 1S quite Possible that tnere exist rhers which

were raavertentiv omitted

TABLE C-L PAKAMETERS OF OPTIMUM AVAILABLE COOLERS

Power Avatl- Factors
Anticipated Inpu? Cooling ability Affecting Approximate
Temperatury Rfequirea Capeactty of Cooling Reltability Weight
(OK) {watts) (watts) (1bs)
NDirect-Contact Conler 4.2-°7 Nune 0.05-19 C‘ontinuous (Excellent (6) .
(3 4y RBeliability)
Nt roagen Cryastat 77 ~one 112 On Demand  Gas Purity {6)
(&) )
Cascaded Coyostat 4.3-37 None 0-3 On Demand  Gas Purity ) (6)
3) (8)
Cryostat with Com- Gas Leakage,
pressor in Closed Loop 20 600 10 On Demand Contaminatton, 15-20
Compreannr Tife
(60-80 200 0.02-0.1 On Dumand  Gas Leakage, 10-20
Expansion Engine J . Compressor Life
7 40-70 200 1.5-5 On Demand  Gas Leakage 5-1%
L
Cascaded kxpansion ’ 30-minute Gas Leaksge,
E=nnc and Oy vsiat 2z 1060 0.5 Cool-Down Contamination, -3
Compressor Life
Cascaded Therna- 212 2.5-20 0.12-0.50 On Demand (Excellent 1-5

viectrie Cooler 2, Reliability)

(13 Prodgctian scheduled for September 1961,
12) More efficient junction materials are under investigation.
(3} “ay need small power supply for heating element aad cort ol system.

1ay e
[V

Tapt vuidawees fitled prior to use.
13)  Hased un SILTAge Capaciiy.
€1 Iponas nn gtorage Jontainor amd operating time.
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- TAPRLE C-2. DIRECT-CONTACT COULERS

Mode Operating Temop. ol Deun Standby Coerating
i o st Tl N Pune Time Timse
Lotling im. thwrs? R eed
neau
P tar TR 2.5 8.5 None 0.78
Linde LNI-2 Open Nitrogen 719 0.5 2 Wune .ve
fande P RSN e Nutrogen VK 0.5 » No.e L21
Linde LNI-4 Ope:. Nitrogen 7K 0.5 15 None 0.87
5 Linde LNT-S Open Nitrogen 179K 0.5 ) 9 None Log
rClplclty Determined -
1 Linde LNF-2 Open Nitrogen 7% . . 3.4 lbe by None 5.60
- 1 Evaporation flow rate
: | 0.9 ba/dey
[ Cupmeity Determined
Linde LNF-3 Open Nitroge. 7% J 0.81 ibs by None .81
: Evaporation ilow rate
{ 0.31 tbascay
170K Capacuty Determined
Linde LNF-4 Opan Hitrogen %Y 6.7 lve by flow rate None 13.7
. 188%K Evapuration Manimum
] : 0.73 lbay day 0.3 tbey hr
[Cnp-cny Determined
Linde LNF-8 Open Nitrogen 1798 { 8.1 1me by None [ 2
. ]hnponuon flow rate
L 0.73 Ibe/day
rClplC‘ly Determined
e LNE € Open Mitrogen 777K 092108 by None 1.5
il“ponuon flow rate
L 1.47 los, day
. . . Capacity Determined
E . Linoe T OLNE-9 Oper Nitrogen 179 0.83 Ibs by None 3.18
. - ) ) Evaperation flow rate
POn85 1bs, day
Linde LN 18 Mnan Nean 3 3 None 2.3
Hydrogen 30 30
Helium 300 300
Livde Lni-12 Open Nen: Btoqd . MNone S.h
SERE INE ¢ e Natewen - TTK <1 24 & - .
PIENT e e 0 s s R i2) For all models, pr vision can be made for remote hilng
LNF weeforn 01Quie sutroges fecd Byste s o when dewar inslallation 15 such that 1t 18 Inaccensthle fop
e q went yote preae fulitng.
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position only.
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C.8. SYMBOLS

the enthalpy of one mole of a gas (inch- pOundS/ mole)

n
p the pressure exerted by a gas {pounds/inch )
q

the heat added to ;e mole of a gas in: a thermodynamic process /tnch-pounds, mole)
thé euiropy Of one mole of a gas (inch-pounds/degree Kelvin-maole)

T the absolute temperature of a gas (degrees Kelvin)

the internal energy of one moie of a gas (inch-pounds/ mole)

v the volume occupied by one mole of a gas {liters/mole)

w  the work done by one mole of a gas in a thermodynamic process (inch-poundss mnle)

v
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Appendix D
PELTIER COOLING

Robert H. Vought, General Electric Company

D.1. INTRODUCTION

A standard temperatyre-indicating thermccouple produces an emf when the two junctio s between
dissimilar materials are held ai diiferent temperatures. Conversely, an externally driven current in
a similar thermodouple circuit will preduce a temperature _différence between the two junctions by
Absorbuy, heat at one Junction and releasing 1t at the other. These phenomena illustrate the Seebeck
effect and the Peltier effect, respectively. A device which utilizes the Peltier effect to transport heat
from one region to another is called a thermoelectric heat pump, or Peltier heat pump, and can be

used either for heating or cooling.

Until recently the Peltier heat pump was primarily 4 laboratory curiosity because the tempera-
ture differences which could be produced with metallic junctions were insignificant. However, during
the past few years semiconduetors nave been developed which are capabie of producing appreciable
temiperdatlure dlilereices (up to 75K with the heat sink at room temperature). Better thermoelectric
materals are being sought, and 1t may be expected that iarger temperature ditferences will become

feasible in the near future.

The following discussion will be concerned with the application of the Peltier heat pump to the
cooling of infrared detectors. Emphasis will be placed upon those features of Peltier cooling systems
which are not commnn tn other type: of cooliug systems. This appendix includes a description of the
physitul niechanisms by which Peltier cooling is achisved, a physical and mathematical description
of the typical performance of an isolated Peltier couple, a design procedure for constructing a simple
Peltier cooler with prescribed characteristics, and 2 brief discussion of sume ot the groblems associ-

ated with the use of Peltier couples in achieving practical cooling systems,

D.1.1. ADVANTAGES OF PELTIER HEAT PUMPS. There are compeliing reacone for conaodor

g Peluer heat pumps tor many problems involving refrigeration, including the eanhing of infrared

(28]
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Fete et o T folk Lol aatoll, Ui spgnifleant characteristics of Peltier heat pumps.
1ot Thev are ~ina T nen on the 3ade wi Jeluer cuupies probably wiil be set by the
Mot TrAn & W s e~ 0 ThA neag gt CrA o fieat rejectors.

Sodid-=tale devices, wnich 1nvolve nu moving paris or circulating tluids,

dare extremceiy reliable aid wiil operate continucusly for long pesiuvds wi lime without re-
& 2] 6 T

quiring attention.

+¢) Therr performance is independent of heai pumping capacity. The efficiency of a Pelijer heat

pump depends only on the working temperatures and material properties and is independent

(d

The cooling rate is contrullable. With a gimple current-control circuit, the rate of heat
removal may be regulated continuously over a broad range in order to maintain constant
tempeiature even though the heat load or the temperature of the heal sink may vary consid-
erably.

(e) The device can be used to heat or cool. A Peltier cooler can be made to serve as a heater by
reversing the current. Thus it can be used under conditions where ihe ambien! temperature
is sometimes alvve and sometimes below the requir~d constant temperature,

(f) The Pelticr heat pump produces no vibration and is absolutely silent.

A complete evaluation of the applicability of a Peliier cenling system to a particular problem
requires an examination of the disadvantages as well ~s the advantages.” To a ccnsiderable extent, the

drsadvantages of Peltier ceoling result from the relative infancy of the technique Several of the

it

e

completely solved problems are discussed briefly in section D.5. Present and future development of

materials, fabrication tecl .iques, and associated circuitry will certrinly decrease the importance of
these problems.

D.1.2. CURRFENT STATE OF DEVELOPMENT OF PELTIER COOLERS. Most work which has

been public ized has been comneerned primarily w

atures in a range of about 309K on either

side of rocn tenipe rature. Devices which have been used. or which caii ve made for sale, are small

and have heat pumping capacities trom fractinns of 2 watt to a few wilts, Considerable effort is being

expwends A o the develGpnicnt 91 devaces with large cooling capacities. waich may be used {or house -

nold retrizerators and ot conditioners Standard- compressisn-exginsion covlers are still superior

top these anphications, 1

ent o more eifent matenals eould weli muke Peltier coolers

e e bl s ednile Ulev e woth preveng-day refriceration reohnigues.

]
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A~ will be shean later, the musamum temperiature duterence attdinable with piven materinis is
) P £

proportional to the squiare of the absnlute temperature ot the cold side ot the couple. It would thus

O [ i ractert s Hoowever, same pheramienn that are
Victudlly fenesostent al copronounocd @t low ternperatures. It may be possible
to one or more of these er conling at these low temperatures, Further development

may provide materials und devices which will be useful at 'iquid-nitrogen or even liquid-helium
temperatures. Near absolute zero the rate of heat pumping will be quite smali, but this is true of
auy method ol cocling. Furthermoro, heat capacitios m th § range are very low, 50 111s not necessary

to pump 2 rreat amount of heat to produce useful temperature differences.

N.2. DESCRIPTION OF A PELTIER COUPLE.
A brief disc:ssionf a Peltier couple will now be given, alunyg with a simplified physical picture
uf the cuoling mechanism and scime qualitative discussion indicating the material properties which

are pertinent to Peltier cooling.
Fignre N1 i a achematic renreaentation of a Peltier couple. The arms of the couple. n and p.

represent n-type and p-type semiconductors, respectively. They are connected by metallic conduc-

tors which extubit negligible thermoclectric effects. A current passing {from an n-type material to

FLIOTRE D-10 SUBPNTATIC G STRECTES GF PEHTR R BIYT 70 e
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S aop-lype malttied to @ aonthermeelectric conductor delivers heat | ) the conductor. in both

Lo, Fuaersihg the current will cawse the heat to tiow the other wav. Thus ir ¢iAn be ceen that the

carrent gn the doieecieen aidcated in Fioure -1 oos 10 muake

s temperalure of the top,

I« luwer than the tempirature ot the boitom, T"1'
¢ . i

2.1, QUALITATIVK EXPLANATION OF THE PELTIER EFFECT. Qualitatively, the Peltier
»tiect can be underswod with the aud of Firure D-2, which represents an enersv-level dirgram ot a
Peltier couple, with R! drops irnored. The regions labeled Ml' M, and 1\13 represent metals exhib-
iting no diermoclecicic etlects, wide 1 reproseiits an n-type seinicunductor and p represents a p-
lypv scimcunductor. Finely dotted areas represent valence bands where the energy levels are nor-
maily occupied by electrons, wher=as coarsely dotted areas represent conduction bands wheré, in
the case of semiconductors, the energy leveis are normally unoccupied. The horizontal straight

line through the diagram represenis the Fermi level. Metal-semiconductor contacts are assumed

to he novrectifying,

From ] - ; o ) Fernn Level
Baticry .

¥ Conventional
= Curreat

FUCERE D P NPROY TUUEE A G A PELTIER COUPLE

279




lasutule 6t Sripnco ond Teoaclogy The University of Michiaan

Tritha matale ond o SR oL viiddclor s, current s car cted by electrons moving fron. ridhit o
W Tn fhe pervpe semreonduelcr. current e carried by pesitively Jhareed Boles movag from leit w
rarht  Canetdaw iyt the nyasce o0 CloCiiLis i M'l wntu Ml' AS electrons arrive at the M:—n
Lo, el e ad'e 10 Avillable levels in the n-type materials below the bottom of the conduction
[ order o pass Uuvugh nthe electrons must be thermally excited up to the conduction band.
Pt cAch e e trol Teadotes 0 M, an amount of erercy equal to the Fermi cuorgy -, of the oo type
s of the conduction vaad. (Aciuaily, the energy required is greater, by an amount equal to the

transport o y uf the dlectivns in the ot type materikll) inis removal of energy trom M, reore-

2
sente @ removal ol hieat, and thus the M, -n wnction is cooled. At the n_M1 junction the electrons
&

cant drop back down to thewr original levels and thus give up heat.

Sunilar arguments apply to holes at the M,-p and p-M3 wnettons. At the sz Senection an ol -
tren irom the valence band of p must be.excited up to the conduction band of M, l#aving a hule which

aroves toward M. This represeits heat removal at the M, -p junction. The heat reappears at the

2
p ML genchon when ap electron drops down (o combinst with the transported liole.

D.2.2. PERTINENT MATERIA{, PROPERTIES. From the ;ualltaiive discussion of section 2.1
tt can be seen that the rate of pumg.ag of heat is directly propertional ty the current. The constant of
proporticnality 1s known as the Peluer coefiicient, 7. (See Sertion D.# for definitions of symbuls.)
It represents a potentiszl.giffc»enre which is determined by the»l-;crmx cnergy plus a transport energy.
Thus, for @ current T the rate of pumping of heat by the Pelties efiecy, Qs

Q =11 ' (D-1)

I

The Seebeck coefficient of 4 touple, §, is the ratio of the thermal emf tc the temperature differ-
Sune wiihproduaces that emt (see Seciion D-1). For a single material, a quantity =, called the See-
Leck eoetaoens of the material, can be deiined in such a way that the Seeleck coelficient of any couple

15 d1ven by the differrnce of the Secheck cocitlaienis o1 the two materials from which it is constructed,

S =5, -5,
4 i

The Sceboedk codiitcient vt a p-type material, s_): and the Seahcelr coofiicicnt of aun n-iype material,
I3

< . must have opposite siens. Conventionally, s 18 taken as pusitive and Sr as nesutive. Thus, tor
n

4 enuple compnss

fup-tvpe 4nd an n-type material, rhe difference 5] "’n
' - 1

two pasitive nambers, In order to avord diificaltion With sanis ol 1N onten CONVENIent B uae dbin

JoU
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The Secbeck and Peltier cocfiiviciis dre related by the tirst of the Thomson velaitons | Reference

iv 1 ur i3-23

7 =ST {D-2)
It fuliva s that . .
Q_ - STI (D-3)

" where T is the temperature of the cold junctivn when the couple is used for cooling.

Fridentiv, then, Peltier conling will be more citoctve with matersals winch exhibit large sSeebeck

. . R . 2
cocfficienty: Tl evident aivo vut cooling will be more cifective when the joule heating, 1 R, 15 a
munnsim.  The current, [, cannot be made small without reducing the rate of heat pumping ( see Equa-
tton 2-1). Theretore it 1s necessary to keep the resistance low, which can be accomplished by the

une of material with low electrical cesgsitviiy p. A third important property is the thermal condue-

tivity » . Clearly this parameter should be kepl as smai® as possible, since il would be of little value

to pump heat trom one region to another if most o1t could low back wpain,

Therefore, there ure ihren parameters which sarva td characterize a material for its cooling
capaniiles:

- Secheck coctiterent  voils per degree Kelvin)
p = electrical resistivity {ohm-centiinelers)

» = thermal conductivity { watts per centimeter per degree Kelvin)

These *hree quantities vary with temperature, and for accurate caleulativas the variations must be

saken anto aceount.  Furthermoere, varmations of 5 with T give rise to an agditionat thermoelectric

crtect, the Thomson eifect, and @ rimorags treatment most tase ilo account the Thomson heat. which

arises when 4 current and a paralle} temperature gradient exist in 2 material for which s varies with
T. However, for the purpuses of this elementary discassion of Peltier cocling, s, p, and « will be

aueumed constant Hver the temperature ragge uhder Caolslderation, and hence the Thomson effect

B R S R S N
e SUITTV WA P s,

D230 FIGURE QF Ny wdD The thras

Diapdibes s, 0 and s irequently aopenr in the

coamvngtren an disoeeooae o Hhern

ievioenie devie e This combination i~ usaully re;
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-
> Das it FIEUNE ol merd o the mats vl and g Z, wherd
z { D-4)
Toovoe 3 e dor ot 10 T ol s 22l L ote Dsetud 1S 1IN0 ma tinsr thermoelectric agpiica-
: . . O . s w30,
Laohs. Al presenl. the best vaines ot / tor semicenducting materials are slighily greaierthanox10 7 K.
; R -3 o -3 o
CTne Best values o metals are ol the order ot 0.1 x 10 K.) A tigure of merit of 3 x 10 7 K
makes 1t poraible, fLr {-tance, v pump heat from 1ce to steam wiih a single stage device,
Thie T1pal v ol aic it of a couple oS detinea by
52
7 =2 11)-3)
¢ RK

where the matcrial constants p and « of Equation D-4 have been replaced by the electrical resistance

K oand the thermal conductance K.

-2, page 11 as given by

ii should be noted that Z‘m depends only on the properties of the materials A

the dimensions of the couple. 72 approaches z:m only under 1deal conditions when the relative values
¢
of the various dimiensions have been properly adjusted [ see Section D=5).
If the vaiues of p and x are the same for the twn arms of the couple, it can easily be seen that
72 - Z' when e dimensione of the two arms ore eyirzl, If, in addition, the couple is made froni
[ Al
n-fvne and notuena mateprin! o oopeh gl

i ?
e tdil s - - s, then & = 4 =8 7 pK.
p a c m

D40 PERFORMANCE OF A PELTIFER COUPLE.

The pertormance charactsjistios o a typloal Couple, suth ds that shown in Fuure -1, will now

be considered. The treatment 1~ notntended tu Le an exact physical ur mathematical qescription,

but onlvoan outhine of the unpurtant tes

o

25 ol Peltier couples. The numerical exaniples given are

evdlaated trom approximate cxpressicns Hecause the errars are small and the propor ties ol tia

BTV

e s et i Fials are not Rnown wills ~soiicien? acvarine v to warrant exact aleaiarenc

ro

(€3]
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LML e

arted Wial it Cuidpae has Seebeck coetticients s, ard « | electrical resistivities *n
i 2

G thern.al concuctivities » n dnd s o total series clectrical resistance R, and total paraliel
3

sl cndn b o W b o e whick

at temperatures T and T, . The temperature
dillcienoy, '133 - lL_. wiil ve called AT. Figure D-3 is a sketch of the idealized Peltier couple that
wiitl be discussed. The cord ctor ©onnecting the thermoeiecirie materials is assumed tu have zero
Sepbevk cocildlad, cocs clectrical resistivity, and infimte thermal conductivity. The tiormal and

clectrical resistinces at vhoco 2anni CHORA ar e assuined 2 0¢ zero., The valdity of these assump-

U

tions will be dizcussed mote thos oughiy e section P-2. When it i< alscassumed that the properties

of the waiteral are mdependent ot temporature, il is possible to give a complete description of the

CuEiiirian g fusiaee of the connle, It will be shown that > Sp’ R, K, and T vompleteiv define
L

the maximuin temperature difterence attainable with this particular couple. However, this is not

neces=itrily the nmudXimdin icaperdture dilterence attainable with the materials from which the couple

1L Cailsliucted.

Tnere are four quantiies of Interest: the pumping current I, the heat-pumping rate Q, the temper-

ature difference AT, and the ccetficient of performan~e ¢ (tn he defined later). Ouly twou of these are
ndependent. However, there are penerally two conditions which are of greatest interest, namely,

i pumptig ol the maximum amount of heat and the most efficient pumping of heat. Each of these

Assumis

P ~
m

K -4
m

UHONOTATION aND DF FIMNITTONS
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Dediel slis Tuhe s b s i B e capPeent s LG YT Qo mven onupl apakily and

T T X S PR R ot S AN S AT T TEEE B B

voproouited do tuietions widy of AT and T

ot BT AT AT TilE COLD JUNCTION. In rHP couple sbawn in Figure D-3 tha

Cea et bassaee freems e bo A e poasil ren ove heat from M. Usirg the arguments given in the discus-
SoormFoction INZUYL T cate - b bt removai by the Peltier effect is Q, = (s TCI - snT 1= STCI.

1T enn ares ne shauwn that the udiform ceneration of joule heat thr(\ughm\' the thermnelectrics
material results an a tlow ul head (o each of the juctions at the rate Q = —I R (It 15 assumed that
iy 10w heal rdisiod Uiloaph thc sides of the thermoelectric ;uma ) Fuuuy, the heat conducted

Liack to the eold junction icom the hot junction is Qf -Kar.

At equilibrium, the ditierence between the {low ut Peltier heat, Q_, {rom the cold junction and
the flow of Joule lieat, Q). and condwsled heat, Q,. to the cold nction represents the rate, Q, at which
i

the couple puiups heat, Thus,

. ; . . . 1.2
Q- Q. -lQJ‘Q_I)stpl-,l kK - KaT (D-T7)
Because of the power dissipated in the thcrma(‘ouplc (P} duriny the heat-pumping process, Q + P

swalts must b rejected at the hot junctios for Q watis absorbed -t the cold juncticn.

| D.3.2. MAXIMUM RATE OF HEAT PUMPING. The current which produces the maximum rate

of heat numnmv ia eaaily nhtained by maxiriizing Q (by se‘ting 3T ° 0). The result is that the cuz -
rent for maximum steady-state heat pumping, I s ig

IC-l = STC/R : (D-8)

Wi it s properliiondl to the temperaiare of the cold junction and independent of the lead or tempera-
ture gitference. Toe naximum rate of heat pumping 18 ohtained by substitvling Equation D 8 into

Eyuauon D-7. The result 15

1
=5 1. -KAT -
Q. -3 KAT (D-9)

v that ne heat is absorbed from 1ts surroundipgs. AT will 1ise

i provide, AT . Thus,
m

. L- iy
m 2 RK
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The Digure oi mer:t of the couple, Z . may then be defin
- «

2
7z =8 'R¥
.

The maximum temperaiure difierence that this couple can mainidin 15 thereiore

With optitnum design, a couple made of the same materials can maintain 2 temperature dificcence

AT . wiven by
v ° B

¥

viiere Z,, i8 defined by Equation D-8. In general, A'I‘m is slightly less than A‘I‘M
vl

Equations D-9 and D-10 show that the rate of heat pumping may be written as

) K - aT) = (1-2T1
Q " K(aT,, -aT) =KaT, (1 1)

which decreases imearly trom KaT  at AT =0:0 0ataT - -"Tm.
ihe coefficient of performance, ¢, is defined as
t = Q//p
where P is the power required to pump heat at the rate Q, and given by

1 : 2

G : P=ISAT+ IR
. /. AT

By combining Equations D-14, D-15, and D-167, une {inds e coefficiert of performance for maximum

Loal pumuoing tu be

. 1! r/l AT 3 ,'1 AT

Y = - = [

Q 2. AT"‘/ 4 lh >
luc o0 1 2 Gnd devceases o G when aT - ar

cI-iin

(D-12)

(D-13)

{-14)

(D-15)

(D-18)

(D-18")

N)

L%
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s e e e now poseabbe G abtagn:

.a) The maximun no-load temperature ditference, AT” . from Fquation D12,
1

5y The vasTent sequired lor maximue coohine. - trom Favation D-8.

AL‘. i

The amcunt of heat pumped, Qm, for @ iiven AT, from Equation i)-14.

T
{dV The coellivieat of perlormdnce, ¢ A 10r @ given AT, from Fguation D-17.
) Q

The nomographs to be presented later enable these values to be determined aitickly in terme of

the temiperatures, materid! parameters, and dimensions. "Typic 17 values of Qm' "Q and iQ, tor

mterial cosstante enmewhat Jesy than e Dest attalnable are presented 1n Figure D-4.

0
@
by
£ 5
A = ~ I= ;
= Q——
=3 = 3,_5,,.%,{_,, ~§Q_.L___~_i,-_.;
gx x 9 i - _‘_*____1.‘
..3' [Xa 4 ;3 - ; i\\J :
b 1 : ~1————sz
oL _| i 1 e, |
aT 0 10 20 30 40 50 60

T. (°K) 300 290 280 270 260 250 240
T (“C) 217 17 1 -3 ~13 -23 -33

FIGURE D-4. MAXIMUM DATL.OU NTEAT TUMPING,

CUlititenT REQUIRED FOR MAXIMUM HEAT-PUMPING

CAPACITY, AND COEFFICIENT OF PERFORMANCE FOR

MAXIMUM HEAT PUMPING A3 FUNCTIONS OF Tq (OR

AT) FOR T}, = 300YK, The couple is made from cubes 1 cm

on side with 85 = -y = 200 uv/PK, Py = Py = 1077 ohm-cm,
and K = kp= 20 mw/em®K,

D.5.3L MAXIMUM EFFICIENCY. Another useful operating condition is that of maximum eifi-

ciency. The expression for the current required for maximum efficiency may be obtained by maxi-

nuzing the coeificient of periormance with respect to current. using Equationc D-7 D-15 and D-16.

At a0,

rhe result obtzined shows that the current giving maximum cnefficient of performance, 1. is
<

=120 A {D-18)
¢ T 'QaT . ¢

N
0
(2]
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- Alieres A 1 : - T S Y
p e e e e -
T_ -\T."+ 201 AT_ . ATAT_ T -AT
hiad . A 1S < < it _o_m o, i D-19}
- ’ Y rav : : 27 ’ '
Therniare,
% .
AT
g i, - I(\ NG ’D")n.\
. ’ ST m
=
Nute that tor constant T the current for masiniur: heat pumping, I(:), i= constant and the current for
v

maximium cilcrency, 1), varies aimost linearly with AT,
S

e

From Fquauon D=7 and -8 the rate of heat pumping is tound t» be

- e, AT 2N o
; 7 QC=I\A‘\\2A-E“—A -1) (Dul)

where A 1s detined by l';(]ll(llrh)ll D-19 and 1s nearly unity, so that
Q. ~K el (D-22
c KAT (1 AT ) { )
m

Thi~ may be written in terms ol the mdxumuin heat pumipiig raie as

L AT _5a
QmAT N (D-23)
m .

Q

S
and will be zero for aT = ¢ and AT - ATm, with 2 maximum at AT = ATm/Z, where Qr = %Q
r 2

The muximum coeitrcient of pertormance, from Equations ND-2%, N-18, D-14; and D-13, becomes
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€ G-
bt 1 A et
AT Al -a7r,
r = m 1 /1 AT Ny, AT\ (s mw : iD=-26)
= "5 i+ R Y e ~ -
m AT 2.7 AT | T, - - T, : :
i Cogeeris 0 JERN N Cy Lluidy
AT
T (D 2
‘m T ")

isule that two approximations are used in arriving at this simple form. The ext.ct expression given
by Egquation D-24 can be approximated by Kquation D-25, since A is very nearly unity. Equation D-26
15 merely Fauaticn D-25 written m a different form. Finally, Equation D-26 is written as Equation

D-27 vy dosuiuuly Wial

The tatv al, a1 15 seen 10 pe very neariy the ratio of the coefficients of performance fnr
waximum coohing rate and maximum efficiency. Figure D-5 shows the values of { m' Ic , and Q..
when the couple used for Figure D-4 is used under conditions of maximum coefficieat of performaace.
The cﬁrvcs were obtained using Equations D-20, D-23, and D-27. For very small AT, Equation D-26

was used instead of Fquation D-27.

\
+

1]
g e—-Kcm 245 ——— 1 ;
E S[\aT - 1V} R
— ~— 4 - - — —l -
€N — c
E ‘o 'sr———\ +— Pt e
2 " X"’ P (U W B
- o8 = 2 T = =
* - —. -
- | (1’ = == \‘—FQg—i
aT 0 10 20 30 40 50 60

- T, (°K) 300 290 280 270 260 250 240
T vy 2117 7 -3 13 23 .22
C

TIGUWE D=5 MAKINUM CORFFICIENT UF PERFORMANCE,
CLURRENT REQU UL FOR MAYXIAME Mook priCiENT 0f
PERVORMANCE, AND HEAT -V MPING RATE FOR AANT-
MM COFFFICIENT Or PERFORMANCE l-(nR THy COUPLE
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AnNdlUe eEXpressionns or G oand I oare not dithoslr £ obtain s simple torm far other values ot
et oSonie et s o whilh Q ek o vais Widd: cuzieil ald tiipelaluie yilielonoe tuay

O VU SUVO S S SR VT T FO X *] \»1 wliu ( are piollsd dgainst 1 witn Al ds a parameter.  Again,
Ceonumbeeprs et 1 Pacple nked tor Fumres D-d qnd D-5,

4Ty T asremy gy
I S O S I VRV RN Y 9

In the preceding discussion, the performance

of a Peltier couple of siven properties aud dimern -

? cstnns wis analvzed. The task of determiring the
: Aimencinone of 3 Poltior couplc to provide a pic
-7 scribed performance is not so straightforward.
However, since one of the attractive features of
\ Peltier cooling is the possibiiity ot designing a
i /4 /{/:/‘!" \\ \\\_\& devtee which will fulfill the specific requirements
N GV IQF S d.0 PU. WU . .
g | !0.4 1 0.8 1.2 1.6 2.0 of a perticular iask with minimui space and, pei -
} : ! } : !‘!‘;’ haps, minimum 1mput pqwer, it would be desirable
I i ' | - te he able to determine the size wad required jn-
4'05 i LI:: ').1 i‘ | S : put power before final system desigrs are com-
‘ ! ,\l “ : ! ! H : ! \ pleted. The nomographs presented here (Figures
3'0r'H"‘ 'i ’I' L T B D 7 toD 16) were constructed with this objective
i\ = lo*fl ; ) in mind.’ Since some quantities must be deter-
~ ; ; I mited by compromusing among several dilferent
parameters, there 1s no unlque cuvoler for 4 var-
ticutar requirement, rFor instance, a single couple
GLLnE L UL JUIT UL wind suilage iuay Loo. opiaced
by two couples using half the current bui twice Lthe
voltage. Other compromises will becomc evident
i l-_":, as the discusgion progresses.
FIGUKE &+ RATE OF BEAT PUMEPING AND CORFFI

CHN G OF PERVFOPRMANCE AY FUNCTIONS OF CUR
RENT FOR VARINDI™Y TEFMPERATURE DIFFFREN :
T st w
h

The soararaphs wore propaied by . Lo Th anpson, General kiectric Company.
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GRS e i seeneral apphicadibity t neobleme of cocling. The exampies wnich
Wil b workhed aut Wit the s orthe nomLgapns are quite similar o the "typical™ couple used as an
lvl wic uased on the same material properties Tiven in Figure

PHluetrnteen i

.- - o —i.. .
viui L9 Tiges 23 orny

thesr properties are

wollsedvalanve lor commees cially available bismuth telleride | one U U betied

thermoelectric materials)y. The vovap pleos ing Ionniall tieal ioads, and apply (o tempera-
T H il Zds el Ine nopmearapbs oo , L& GOF Waie renoac A mMACTLAT i eneters
T IS 5

DU leapcidbaie panee trom 200 K ta 4007K. Aceampanying rach of the
nommeerrapn s the caaetlion Wi was veed 1 conisi actine it 1t shoald be recalivd thal these Are

CAPPEOXTITALG FVDrec e Do vl thiey e adequate tor the preliminar, cevn

e st Pedtier cesler,

o D G - R

P STATEMENT OF THE PROBLEM. To illustrate the use of the nomagriarhs, a typicai
) sroble o e odoes

cod. Ieowrid b snsamed that i order to nauncun an infrared detector at a
ven onine i, T freat sl Fe e o

liigiiti lemperature, l‘h

Soal s i rsciarged to 8

1t 10z - be desired to do thi~ with the smallect ponsibie Geal punp, regardless

ol power requirciments, ur to do 1t moest efiiciently (i.c., with the highest possible coofficient of per

terpunee;. it will be assumed that s S pp - Py and a p= K The problem of optimum Jesign ,
7hen these equalities dou not wold will be diecussed o Section D-5. Tt should be aoted that . oran- -

rraphs 1V and VI apuiy valy whens the equalities do holdd.  §i wiil De assumed turther that the cold
junchion s i be muntuned at 270°K and the hot junctian at SOOGK, wi” -~ heat {low o 1 wati at the
coll BINcieen, Choe § aae G2 0T AR bedicaizon of tne detectivity which might be obtained with 2
jead sulfide detectnr at 270K.)

The provedure to be tollowed 1s first to deternure ATm from the parameter: of the materia's,
and AT o th

coadea lompiaiures. This tmmediatebv mves the eflicient Of performance, cither

el puttping: o0 Lo neosppum erficiency. The values nf AT, .'.“.'."m. and he given fieat

NI B TR NS TR

iwdd duict uaiiie Wie necessary thermal conductance which, with the specific thermai conductavity,

deteinmane s e Tates ol area e bty TS G Go dae Vs the Teqinred Fesistanee and carrent,
Soal, e aeanitn must be determined (5o consaderations ot convenience in tabricaton and of contact
testat oo Sovhwon D-0), Its then a straightforward matter to deler mine the cross-sectional |
areas, voelumes, msses, and Sthir dosiTed daid or the etnndy St L5dcaiem vl Le conler.

|
|
Vor A aazram e atingg the procedures tor cadculating Je o saen params ters ol o Peltier conder e {
|
i ie i 1T T ! . -~ POl Lo sale G deprhaence the 5 riolinaaoe and
YT R ! ostie FIE U s i rprinn HEE I T =

IERE p—— N PR

 . | 10 I
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N4.27 NOVOGRAPHS FOR MAXIMUM HEAT PUMPING. A couple which operites 2t maximu

. P T N B LT R IR SRS fael T T,
. foaras . L - ' DOOINTGCAWOO T v o -

flapil Ly LG LOES CONDUULWU IO Uy eXxample o, e Mdten .ol properaes given in Figure D40 In

L SRR B LI AL v Firal canaEa tedd Do 3 atrasorht
o e et ottt b e i e i d Ll o el ooneeied Ly o sl aaglit e
" .
RS IR ¢
with the appropritte value of . This hne intersects the tizure-of anerit ceale a2 v 10 ¥ the

Coare et Lo acceiple o primain desaan.

Nomesraph I veorc enting Dguetion 102120 now shows that Jor 'I‘(_ S 2K, o [‘m 727K, That
15, ¢ the as=emblad couple ook ()] adeantace ol the capability ot the materia?s, at could maintain a
797K temparsture difference with no load. With & Hrutle faresicht resardine contaet resistnces an
oeHcCH e o Constru e, (U Wil o0 culisereatis Cly anbudiied Wl Ui Clicclive dagaat uioaucssit ui the
couple will be Luip towe: than this, The figurc of merit of the couple is therefore & - 1.6 & w'“/ (‘K.

and, trom Nomoweraph 1, .sTm 65" K.

in vrder o cbtan the coetticient of jertormance, it 13 noted that Fquation N-17 can be clasely

approximated by

4 \
r‘:‘ ; “1 -;:-’?T—‘ { I)-28)

i
v m'

Thos b= the equation trom whicl, Nomoeranh B was comtraeted, Tne elic Cb ol woug dus dppluXiina -

_: .
Q
8. From Nomograph L, :t s determined that. 1or AV = ;m”K

tion may be 2een on Funre -4 by enamparing tne actudl curve for (Equation D 1T) with o« straight

Lo swcfo e s ot poctt ) quatton D

N sl a < . -

and AT o KL the coettrerent S perforiananes | T maNiam heal pumipine s - LA
all Q

The thermal conductance of the coudle can be related to known quantiaies by combining Eaeations

Dt eaed D) TR o

- r ? -2
Qm ZKATm {D-29)

Q

- Al *
which i represented by Nomograpin Iv. Witiv o veed, a1 - vl &, and @__ - 1 watt, it 1s tound that
o, N o
K 0.028 watt K s the required thermal conduciance o1 the cooler. Thisas the total therimal con-

ductanes threugh both arms of the couple.

The totai thermal conductance of both 2rp< «f the heat pumn is related to the thermal condin tivaty

o2 oo o v i U L s e G sty 0 e palite s UIE CINsE-SeihLional drea
R A TR LA IR U SEL R UL P Tho the Sermal s anducan s ditermiings ». fod KO G028
Lt [ s U 2t i KOs e e Noemvaorarn N otnat o s Thoom T val e




g gt o

N e - s

o e i s £ ~
T T TN Tne University of Michigen
e ey s mmeatiet, B een the tw ars. sinee Ho- Ao v, With p 10 Tohm o s -
e ’
Vot i Nnnteerepns VT e T S e L Gigis,

oo o M . sy Fguation 1R or Wraggc VI Wath S

i oy I sETr B faiveas Oy Euuation SR oor NIMOJTApn Vil el O
: ! .

The —un ool gl

100,00 VK, T 2270 K, and £ 2B 5 16 T ans st e Lound that 1 0 48 2
Co e s en 3T 0 et s LYty il caech two eonples which Gy cheraatly 10 paratiel and

elenirically o series, or Dy using 28 'n amn rhrangh n eaopls= 2l

naily s pedzilct and glecirically
e ser s, The use o n coupie= fequifes tidl Uie geometry 1actor of edch couple be 1/n uns the

RN LA SR L A

e era et daaioesabrpaien

e ubiote dera sonsBiule dli the decessialy siectricid and thermal information ahoot the steagy-

v Sttt 1w aoo, B oshowgd L notea naweses thatoalihough i arsa-ta-length ratio i

L4 -
the 17D tesn bven nxed, the size has not vet been established. This e

SAWL WAL G veay large de-

L viee eould 223 no better than an extremely small one, However the driree of miuisiviization puseyible
witt _\.‘“!" e wee s tomnted) BU e dy de e Lo conte ot resistanees and tabrication techigques. bar
cainple, b the contieet respatan e oat el Wncts a1 fanste? 00 i of the total reststancr. then
/oand A I'__l are oWt e nll ;\;-“-; caduen cnee Section ND.5.3), Allow.adice was ide for o8

et by by /7 G0 L For 4 conbict resistaice su the
-

-5
e ‘der ot §6 x 1877 w'luv-t.mz. the Zrms {

ol the comple must be at ‘east 0.33 cm in lenpth. Uaing this longth. Nomogi &ph 1R 1505 An aren of
Pl ) 4
Vg e The ot b e the e bt Dl Faad s e etore 0010 cm, régardiess of the nume-

T RPN O

Bt NONMOGRAPHY FOE MAXIMUM COREFFICTENT OF PIORTCIWMANCE. 1t 13 desiravle to

destri o oo whin B B0 L Gt b ae ud oWer cether than most compact, the required param-

.

codetr mned, wath a s hichriy Gt e g oL R o dhe sres oSl nentioned oo me

craphe pla= Nonoogsrapn VL On Nomeegraph HIL the 1over seaie 1s used insicad of this vpper one. Ou

Nomoceaph 1V, 0
"

i» ustsd il the rwght-han d weste’ deet moss the e cont 2f seales die used GF Q( -
Poaait and Al ratner thap @ :nd ATr .. The pesuitant thermai conductance widl, 1 ccacrai, e

" n
Taroer et o=l ellicient coaple than far the mosi compact csupie. Nomographs Voand VI are used

dw Dedoze, cal altn the new skt therial coades tance wicy give ditlerent vidues tor the geumetry

tacl 15 aadd the lecimieal resistance R

The «aectne o masimain cetionnt of perfarmance 15 caven by Fguation 13-29 or Nomograph

I g :Q wacd an this caditulabion s the current Do maxinem heat pumping bud s not the vidue ot
G vy Dozt deariam e ot b b e TESTEIA, 1 D= the vadse e b oy 00 (U widi

v conger gesacred Do s st ertperernos om0 i e e raded 1 e U opuap e at at die fastest
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rare Treabn el aeed o Moo raBf VI oos betore oging e new value ot R. This curreat
inen used in canminetian ahsh M ot

he PO vPRC v

N the vaiuds for AT and & i‘m v nnd 1, . The length
N 4

v geprmiced A5 Uoiove, aad Maatograph 21X ngain gives the area of each arm  { Nomograph X will he

discussed in Secitus D 5.

The dashed lines au the nomugraphs show the operations used for designing the cooler with maxi-

Saarm oot

cat of peilvimance, v/nite the solid lines indicate the uperations used for designing the

coole. with maximum rate of bea! puniping. In each case, the heat load is 1 walt and the tenperature

dteranee 1o 0 K

Tavie D-1 summavize~ th + eaty obtained tor the two ceclor~. T is interesting to note that the

same current 1s reguired for the optininm design mm the two Lypes of upemuon and that the more

vARLE ey COMPARISON OF COOLERS DESIGNED FOR MAXIMUM COOLING RATE WITH
COOLERS DESIGNED FOR MAXIMUM COEFFICIENT OF PERFORMANCE
Requirements: Heat had = 1 watt
) T, - zvo°x (-8%c)
; = 300°x (27 C)

Matorials ased: -8, v3) = 200 uv/ %k
Py =Py " 10" ohm-cm
L orp wdx 10'2 wa‘t/cm-deg

Assumo: Effective Z of couple - 90% of Z of material.

Maximum ratio of resistance of cold functions to total resistiace
3%. o

Junction rosi-tnag e, shmecm’

Cooler with Cooler with
Marimum Q Maximum {

Coefhicient of perforriance (L) 0.27 i 59
Thermal Conductanve : Ky an watls  deg 0.629 0.062
Areid-to-lensrn gty T2 . . i
P O PO R P FE T RS IO LR TP T FREYLE 5 1T 2.5 :i-_:\‘ 1.3 10-5
Optimum current Y0 Ginperi s RY:] 38
Tt} Area - 208 ian cure D ntiLaie .- Y- 1G5
Volar VoL Cae s entipieter s 1 00
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“ied 1a fnmeriod into 3 refrigerating sysfem. A W \jch considerations ax'c " heat ea:n-_uégrg

ot have egual electro al ore 3,z s
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Paitiuie of and Technoloow i Loy o LG
?
Lo aecr e st T e e BELCE VLT, UV G T e A s It
' e o aiuRee, geoIToloy e e elorie are R,)
T R A1 Whefeas U Ll fricad e =inf@rie i3 ¢ 7 F e b wamg
s
cie s L apoTaphs ray e ust o or Jes® Jhas st ovpe ot wcder, 1 s reresYy T
. A gt ,.-"‘.:\u!f\-ff. Titis =nuph Sopenaen o on tne ratin AT
t S PRPewmmte sov stuene Does 0 BE0EG0 DG
Somenit e et eear e O aetepsst 0 couler oo giver muterials are fixed/hy the hen |

J
St Waapeawtua e A5 ace to De madntay: 1. For a givan AT o spefiicient E’{i perforin: s
e . .

FR T VIPTY

e diiner divna CrRASE Licar)y sth 1he noaf luad, e dependence of yise dimensions

snal lin a piver ot is ot o ample o varrente AT 0 b red, he upil Shuu{(@ be designed ol

s
P tnrreet 2 BRIIFS . Lue i e § jOG er operated ad lower currents for smalled values of 4T.
- s

FRACTH .+ CONSIDERATIONY e

The prec g o ussivi vl sevoe pofotingn o fdb dERLT Wit & rRfher i

ad siturtion. Trat

s, the P, netee referred ts was tha of aiven thermoejectric m/,t,;';.,i wile g given LRy,
The v« c tixteg AL o hea' pametng refers o nls . the beal remuy-df om e ,um.uu.n. peiween N
P e eerpirie puateriite angd et alizod oo ﬂduu.n. wil i€ U.ld Slde B¢ deiivirea to L o b

rocaeen e tnermocloctrlc materiale and idealized qo ~-1--M;1.-3r/('~ on the hoi side. Little wmenti-s 1y, yet

feen wane w! & number of conuxdernuona that sre..

“z:jetable Importol wikn fais heo! - pdinpimg

cord i hot sides electmcnl and thermal r=- 2 < aces of the ;unctions Leiveen th v uoelectric

storiales duid » calislic conductors, provisic gractical power supplies .,;_f.«i:mm\:aomotr) to

take futl advantage of the capabilities of U ,s“;.fterials.

In additicn, practical devices may. /q. make use of & nuaLer Ol jaentis u...Ol‘ simtiar, simple

Sbep v arvanged o oarallel o ser.ey. Such arrangemeate .7 iizes:'ble to acaieve larger temp-

eratuy . o ‘orences, larger heat pumping capacities, greater coefiicients of performance, simpler

geometric o osampids puwer-supply requiremsents.

A9
The present sec 1 will deal with some of thege as‘Jpects of Pcltier cooling, insoiar as the prob-
i-ms wivolved are siufic. ' different from the came trps of probloms enduunicred in other coching
systens

NS 1 OPTIMI 2 O RNSS T ,_'.a Ty

S0/ Jotrbiht. U the n- and p-type nateriais do

I - . s s 3.
LT, sy Eondes e s then g oeonpre with cgqual didie s

W
(@]
]
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o

ot two army ol nat perform as well as a couple v droars thess s matertads .0 woth prop-

iy adinsed G5 nas e can e veadily aogr s goesdr et TN e @
U ana e 2t e 20 Mg we Possibio, o ow V0T T W IR 15 nut @ timavon o Le 4rms nave cquad
. LN ’ .
o COIMEN LG DU T e I RCL D, L gy % gure o merit of the counic, -
I Cow
Y. ) N s / . - ,\,2
. : AT TET e T g .
~.d D-30
. \ ¢ TRYRTE VK (p-30)
L n |2 At p!

v -

wonld i geper~t ' T sl thay the mater 'l ffgvre ol merit Lqualion -0, They aie cyual, and
o Vv - . . . .
reaximui e of the matericl potentialitics, vy i lie duiciisnib aie adusled (0 minunize

REK, 1+ ° % ».nator of Equation D-30. This optimization reguires that
[N

o 0o '\‘n B (D-31)

whiete amd o e thee o s e s

il area and length, rospectively, of the arm.. distinguisiwdi Ly the

|
' IETITI bt
H HEN N ot |

e

[ I R T R I L A N A L

ol this oplide g vedre, are el too

Uhvasaing

terious  For instunce  with armas of equal leneth the ratio 3 72 mav be ac o,k as 0% 12 vt or
n p N - .
smaller than the optimum value without producing more than a 45 decreaso in the ettective tiyvre <f

mer:t. og- b Te

s -~ - - ~

Beiie e Hhoel e s ool s atn b o0 niventent o bt

T, dies At orepresent a signifs-
AL - itioe D P ale UL e do T ar
o0 R AT DU THANGER Y T caonadd prebloin o tng Ui seat U the coid ametien irom
the volume s e o b cacled and froan the Bot sunctsn Lot Lo P Boat sk, i~ 1ol s antiy

Dl e br e

SN NS S TN [0 LTI ) TRV SRS § PP Pt ) e how

B TR Pt Dol e Gl e i heec e Drie maternad

Cetie e sccanpae i Uhat the neat-rejectinige seefaceg

4re ey v lese to the region beine canled. This ‘ntroduces snasnal, but ner fusdamentally new . fon

[ S siulation and heat tranefor. cibe noashic ampact -
At Rt ety I e e vy B
- T el CerleT e e EETEE RN 7 LI VRN [SRTSre N . P SR il Ie Nt =

2 and its alloys wit!, related culpualids, the oplinrum ratie of arcus 18 quile neaq w
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staiee o condedtiny con-
e sl i Deesds TRt TN Do, aild

Ilalgicag de

Lhet danic-

neat genarated in the electrival candhetare vag ¢

RS
‘vw-\w\‘

FH TS PTEREE A A1)

. P

P T armiivels UL elijapid UVEER H :'-.‘ui_{i vrders of magnttude lower-

cinda Uad D5 the dhcidiveiecitilc Pl rigas. o

. e f"!cu of natian resisrances may be simifi-

Cnorani ow rly el Ui cold suncios, sies het gienerated there eitecrively a adds to the m«-

10720
The hot pancedon

esistalhv e 13 flul §2 important sinee ar raclis o5

LG .uuuedxalt’ly next
luthie heat-rejecting surface.

.

The heat generated in the cyids J\mun,..

SO
o § ; }, and simply adds to thie jouie-heat
term of Equation ND-7, wh:e-h descr:bm the heat b.uﬂnco at the cold side of the couple. Thus with twe
junctioms | each 3§ X'(:albuinbe K,, on the cold side of a couple whose resistance.is R, i€ jouie heat to
be removed {rom the cold junc;mn is .‘L-‘Z)lzm + 4R ), rne fffective resistince 22 the couple {nr
et prese ~ i~ thenn R =0 that the

F

ericctves filute of neril L

i AL

L A
NN a -1 323
- ZC sm Z(_ (1 R ) {D-32)

ol &, HAEEA IS Y 2, and R /% :nay be found using Nomograph X.
. r for Z t') b~~ o

" 'f."r"' than remye minkuuin iFaCtion of Z 80 thut the juncti » . .istance
wrl]

X determi . 1!‘5 mrt.,w s apistivaty r of the junction. In terms of r, which has

hic unils ohm-
wm’, the registance of one contact of area o is r/a. Sinee T - 251G,

e

P .

Aﬂ‘()/ﬂ = 2r/plL. (D-31)

Equaiivic-32 1s-then Z'c = Zc(l + 2r/plL) 1

. Hence, tor a specified performance of a couple made
from matrriyle eith 5 piven ~ ¢4 ratto

T taust Celidin colaiam.  Tnus, as further reduction ot

Colhaii vesistances is attained, the minimum length of the arms midy be decreased. Since the volume
n‘ the 2rm is al or yLz. and y is fixed for 4 given requirement { ste Section T 4.2 the required
volume oi thermoelectrie materia, o ceases wWIn e~ i

o} Bratete z@enen
doUe conbel PUei SN

A Lean Pesgsrans s

it o caztuialeq dnd are difficull to measers

e - ) 9
Goae arene DX 16 Y Jlun-eo e T are O ostash i ed as oaod. Wath a materi! re S, o e LT
N S S P LT FEH O SO A S R

B L PP AT VRNT B PUI

e Vias Ve Nt TIUGTe aamened 1n R0
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Thitnal oot wos of contaicie said cvindaciod = Caonod e L ealed as sy iiddely, vl Niraswvo

“eanvdrently, Wy viecl dl resistances. Quastatively, the ellect ol these thermal resistences is to

tnsyease the necessary tewnperature diffarence hetweer the hot ancd onld ‘unctions  Kawever cince ¢.¢
iiim of juining material &l 1 junction is usually very thin, and thesefure has & high thermal “onduci-

. the temperuture drop irtroduced 15 small compared te that appearing «cross the aeat exchangars.

Ir: terrms ot tne coefficient of performance £, the rate of heat iinw acracg the har mncticn o
Wil « 1 ¢). fnus e ellect o tierma: TE:s@NCC 15 More seriwus al the hot Junction than at the cold
jubchiun Racie HIe td wiileal o 15 Q. Tt the two junctivas have sunlar thermal contacts, the

portare s e teen the tienmial resistance 4t tie hot unction will be greater than that 2t the

culd unctivn by the lactor of 1+ 17§,

JARIE N

TTIFIED A L b bl

SCTS WITH B

Catlo idigg
into the cale ;;l'dtiuua of Suction D.3 are direct curreuta. Any alleinaling combonent of cerreat would -
produce 1ouie I eatng but wouid pump no heat. ine provision of steady divcet currents at the imped-

ance levels required tor Pelties ceuples is net o commaenly encauntered problem. Transiormerns,

srecutiers, and, pasrticalariy, hilters are dincouragingly vuiny for currenis of, &g |, tens of amperes

delivered at teaths ot a volt. Thermoeicctric generators would be ideally suited for Pcltier cooleru,

siee “he impedadce of such 4 generater would be comparable Lo the smpedance of the cooler.

When vevhined v i el tod pomcs, e s Pilice o perfotmaane mtzoduccd by aupes feot Liter
1y 1s 1 elatively eagy W valzlate. ‘I'ne quantities of importance are the root-mean-square current,
I_mg. whlclydete\mtnen the joule heat, and the average value of the current, ld_(‘. which determines

the amount of heat pumped. These are trequently reiated through 4 form {actor, F, defined as

. .
rms ld-c th-34)

he form ta:tor is easiiy getermianed trom two readings: one on a d-¢ ammeter, and the other on an

wnmeter U the type wWhidh roads Lhue rue current.

If the basic cquations of Sectiom D03 Are written with Xr m cach of the jonje-heat terms and
1S

with lrm‘i F - Id-c in each of the Peltier heat terms, the resulting equations describing the perform-

4Lt ad v GUILT Simiiar to tne origisal equations. in cach pguatior where S appears it should be

S F.and where AT accurs it snonia be rectaced by AT FS. In fact. since AT 18
s s e

[{%]

Thronel o 3T the repldvement Sf i XOF < 47 0t gl s geecessary. This s what should bee

daltiphie - o s Pris coomb
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the heat punipuy term of Eguation D-7, and in representing the wordk anne agiinst the thed mial enu
s Lguacon D19,

¢ By substituting S 'F for § in the equations cf Section D-3, 1t can be shows thiae ne performance
. ¢

parameters {or nonsteadyv currents {(deuuted by asterisks) are relaed 1o

yothg et mre ady corrnl
Fanathed s g, dn TUELOWS
AT -
Tom L
]

ATm P2

LL>. i

TF

! -
_I; ¥ RIS
&

(;) . r i . N -l
ey

T °Q K m, o\ m/

1° e . .o . o
Qm . =2 2 aT al !
< ¢ R R 'A‘".‘.."'Hx".':—}

™ w \ “‘m, \ m/

usiag e convenent }rliltiuxxalxxpa W Euuation 13=35 fne salatins oo S unce walh "rippie o
P T« iy

et v ariens, iU must be understond thai the currents with asterisks are ries
valien, Thersfbos o) e dagyer by the factor F) than the :a'.ex rerd on 2 d-c am~<iar which
might be ueed to oo i (50 currenl. This means that if a4 d-c ameeder

rert ottt g

{5 Ubed U INEAKure th cur-

Attt Cippie, e s aliv ol the readmgs i0T.Curi ents wWhili give maximum neat pumping
2

wuuld be 1/F", and the ratio of the ieadings far currepts _lL L maximem caeffici ot L porfor manse
would et

The curves i Famrs D1 b g the cife [ of e ol tacturl on AT'
1

rents 1"} and [_ . The curves in Fiugure D-19Q shaw the offesi on the coefficient of pertormance for

and ~n the sotlmum cur-
1

ThaNnnin heat puonping acld ihe heeot

fale acivh operating mmost efficlently while Bisgr,
D-20 1 Avearee b Lo et maNLinutn §eal-puinplind Cale did on the maximum coefficient of
pes terimence. it should be noted that easily wchievable filtening produces form fuctors less than 101,
Coea e, AITIUSOLAAT FIpRie o 4UT 0 de o, peak-to-peak amplitude d-c o componcnt - 30 o aver-
Ll pesea g torm tactoy S0 T Cir AL A LAniaTee g~ T HL this amount of risele
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Dnooco THANSIENT EFFECUTS. A quantitative treatment orthe pay)

oo

LLUBLE uprlaung unger nonequibibrium Conuitions is beyork' L B,

]
OUVET Lt lew U liar Ly peernarRy LY

Tire time réquired fo. o4 to 0CCUT TEReHU

L L 1

corats D odde el choed, Wl A on the heat-transfer coefficients. A cocling device
which pumps heat af an equbide pon ety 7?_‘7,'

el Tewle Coutd handle a load of 20 watts for 10 secunds on
) ) -
the culd s:de with temperature change of less than 1V 1f the nonthermoelectric components su the cold

side nd @ neat capacity ol 25 calories/ YK, This heat capacity corresponds to that of about 250 grams

of copac

Doubling the ool cureent dochios the rate of heat removal by the Peltier etfec! \Q, el Egud-

BT Tines, ssnce the arrival of joule heat at the co'd side 15> slowed down by the thermal diftu-
siefty of the arme of the couple, the net cooling rate 1s tempordrily increased. In fact, Stil'bans and
Fedorovich {Metaringi 4] 2 e shown that doubline the optimum steady-state cooling current thruugh

ned couple will produce, for a short time. a tammannture 3o once more than 25%

12, no-load steady--state tempecature dittarence

%, &5 InCireuped load and an increased current, applied simultancously fur « short

. tond tn compensate for each oter. This suygests the possibility of maintaining a constant
temperature diffes euce wimost equal to ATm by using a control circuit to vary the cooling currant

"+ when short-duration overloads occur, even though a steady overloud of comparable magnitude wonld

1

make it impc «aible to matntain such 3 {arge lvmperatore difference.

24

“'Short time'  ns usc ! Lere 18 a relative term, dependent upon factors such as the thermal diffu-

viaes 2nd the heat capacities. The same factors also determine the time required to attain the
dea‘lirad temperature difierence when the conler is mmitially turned on. An indication ot this cool-down
time may be oblained from cunsideration of the Peltier cooler of Figure D-4, which reaches more than
half its pnssible temperatnre Jdific .'w-.'i;-- 1 less than 2 minute when operated at the current for maxi-

mum heat pumpins. Ineeasing the varront over this value can decrease the cool-down time consider-

dabiy
DAE FHESMATTY PAPATLLLLD COULPLES>. Fwo tdentical Peltier couples placed i rimails
i parallel = pamy S0l ws el eat atine same terwperature differencs and witn ine same coei-

hetent of performance ax will ane

dother alone ook i the corrents Goe eaual, Normallv ey

3n
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would be connected in series electricaily, requiring twice the voitage and twice the power of one

i i Sppiy iU 4 { fOMRE OyStEin ut whlll & {AIgT HMUIMUET Ul COUpies are piaced

A series vectricallv,

< e i fr s L aslet ahiact o an
e aniact tooar

clactrioal conductor, procautisns must bo AKEH O 85040 cislinical
crecr e o s ed cands of Tt codples which aze all at aifieent electrical potentials. Veiy thin
eelatieg fopts ar fnes will Ceree adequately, without muck increase in thermal resistance, for the

relativeiy foo voltages !nvclved.

A viaryesnans
BY e

Sanpat voltages could Le used in cases where the couples are arranged in large ba.ks.
Similarly, a couple of large cruss-sectional area, requiring a large current, could be replaced by n

couples each having 1/n times the area «.f the original nne and requtring 1/n times the curreat, thus

Lathiln 1 e nabit o ans mote colvehtiviidi povel supplivs. This, ol coul se, eniaiis additional sab-

cicztion probloms because of the facidased number of couples. Siace cudleis [ui infiaied deieviors
du not normally require lacge banks of couples, further discuseiun uf such devicew will not be given

here.

3.5.7. THERMALLY CASCADED COUPLES. peltier couples may be placed in series thermally
Ve, cascaded) tor two purposes: 1) to achieve a high coeffictent of performance fer a given heat
load at a given temneratura (ifference or (2) to achieve 4 temperature difference .'greawr than can
Lt dchieved vt @ siigle couple.  These two are ot entirely unrelated, the himit on the coelficient
caoper ormaioe beang eiated (o the bunit on the maximum temperature difference \:s|:pe Equations

1) i ana D-¢4h).

Aasowas poanted sul previcasly, the coeflicent of performance of 4 Peltier couple 5 indepondent

A othe Sevear capaatty of the conpie It may be expressed i lerms of ATm. AT, and Th’ as Lhown
Py Pnuat s DT and D 26, Thus, atas p{.aaub‘u; to discuss the improvement 1n pertormance by

cascading withou! considering the curreant. voltage, heat load. ete.

The rxpreasinn (00 the Sver-all porfusmance vl a CULIET CONSINURE O 11 Stages O ener couples
tree b T The heat load, Ql. Wb ostugi i plus tie puwer o rua it, P, both contribute 1o
Y b H (Jl S Ternper atlret nlac oW Pregua e power B . The tetal
. i-

Teolasl otfwe 1s equal to the heat load Hf the first stage plus the total power input to

e D A Getinpdadiaois TUSCELS WL G S s swiiie EARECa a0l Tod Uit el -l
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iy A 1) / 1‘\ 1;"" . i
g=rire =Y. (1+;—'.-1. - iD-35)
Vo S 2i  \ Sa) |

T . jeular. for a2 two-st e deviee,

/ 5\ -1
c!.‘_‘;‘(\l’-;};'\' (] +-—!—- -1 (D*u"“
L\ \ .

~—

THU Coaadia obrianed frons he ase of a4 two-stage covler mas be flustrated L the following

. -3 .0,
example. A sirsle-ring: coales made froi matertals such that 2 = 2 % 10 77 7%

At aDerating betweeen 30070 L0 SGsT L pepateed by two stages, each operating with AT 20
NMiea the corrents are adusied G0 maXanun eificiency, the cosfficients of perisrmance are 034G

D bine sngle stage cooler and 0.42 tor the twn-stags cooler. However, of the cuppents 20¢ idjueied
var v heal puinping, tes coefticienis wae 018 for the single stage couler and waly 0.00 for the

two-stage cooler.

Further improvement could be pbtatned by l singr, Dul for the above example the
tmpravemant et rabuat 109G an generad, the tmprovement for two stiges is greatest when
AT-A'l‘m 18 neariy vally. When a '.‘Tm - b mullistage device 1< the nely way 4 remvve heat

trom the cold Junction under steady -state operation.
The préeceding aiscussion b relecred primarily to cascaded syetoric oy which the dyedive 18
toamprove e (iciency with a given temperature difference, If the principal chyective ts to obtain a

large iy rature ditterence hetween lie wowied region and the hexi 8ink, each stage can be operated,

ngtrierent!y, at feadly e lndxnnum tempernture A enee, tnerey aiving AT AT - AT .

m my my
ar - S AT foraslaes. Since operdtion with aT 7AT, 1s mnefficient, successive stages at
T n

hither femperaiares meast be desioned s pamp ragdly inereasing amounts of heai. It shouid be Lorne

it mand that 87T o Afforear 70000 00 e s Cessite stages even 1l constant maierial properties
. I

A assumed, vecause of the dependence ot AT on

e

> 3guare oi the ansolute temperature of the cold

ecoensae g the deswen ol muitistgre Caoledss, o 1s clear that it wrald be unde 2irable to suppay

Llele sepattately tnroc b Coppld deads {Tom @ power supnly 9t 2 temporiture i approx-

sovrtely 300K The the vma o ves thr o cnthe Llds and (e (nermal ansulefion betwesn ctaees,
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i . Loll censiiiuic >uulces vi elticiency, Aveid-
D oeoiU e e v onesmdesiorn Rl DIRCIDailon ol 4o lwedh ol wileqial e Dmoelectrie
Contm @ b woiaid oW e Lot W currents o be supphied th each drm of each it e foem b
Bt < - Creomeroa O TS0 T T d G tonins sudcn L design, witlh Girect thermal and
. . s dTer arer U depoth vl i Darpy ca Ue determined
re et s anlaa o b urnd i cdaling the oplimun geometry ol a sliigac wouple
rmeith A o

Here, however, the

’l’ = 189K (-B59C)— — . . . _— - N
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PIGERE D S CASCADED COUPLEY »im 20 27T | STPNIITLUTILT Sb sun waca o1 aun
m

P .

o the desl of Tigurd D21, i in amsumed that the hgure nt merit oi caca element is 2 x 10

Woand e current e nostiean e panpgs 15 used, Alsu, cach stuge 1s designed so that

31 oA S.00 The resvjting tempa ratures of the functions and ceeffictents of performances are
0
S e et L G Addiaugh e Gtal o nperature disterenre 8 132 K, the over-all
_® .
O I L0 I BT O (TP PRSP TY PRI R T Phu s the Syatois wouid require 1300 watts o electeical

o e unngs arad b g 180K a6 R ar e rate ol o P ettt ) Lhoutd be gt d, huavver, thal the

Sl T e vewdd LU omplisnead with A power of unly 30 watts by the us? of ten stages operating

4

' -3
at i cfficwene v, Fur wetanorg, the uge of materials with a fivure nf marit of 3 v I8 e

foder e e auguat e s oo B owates and SIX staces.

fn kR PIER COOLER FOR GUNSIGHT DETECTOR
PRe sl repsid applivatva of Poltier covhing 1o temperature contrul - «n operauonal intrared

St Ll s it swa it iy Raascis e T wpvant e yynnataine oo

et ol TRIZ on Pihnladeipma,
oo Vs i Didse Gonsrdera iy andertor totnose presently avallable, sufficivid neat
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- L s ennoir onne Rl seus fhal darge Amonmts of heat had to b PUGioVed e Arep
Pl el Boer fororature ferpaeved 300000 © Ui ihiiwiod sy olvii its=il wovld make prasible mnch
prenteT ooy K wlva v etz Ing derils o2 WILH e ss peotver reguired.

e ldis. detector, nsehiaty onooo

LI, el bauhing plale 1s shown i Figure
£3-32. The conier

and msuliton 1t e 4 space thal wis available a the lens and detector housing of

ed sysican. The Pedlier cooler nroper 1s <hown in e D223 and caun be aven o

culinisl oi 13 couples, whiep are arcanged in seoes elecircaldy and in paralk b tnesmalle . The g of
T ’ fonm o osecfewpare 2L U G’ opees aan

p]
I laliiel Wian a4 single 4 cm couple
sdn b tatad Ly e D-amp power supply

FICL M. oecr. EXPLONED VIEW OF DETECTOR AND COOLER

; e S O BN
The npatergd~ veed haed e of merit of lese than @ x 10 7 and gave AT - 207 Wihaat

tne heat pumped was dbovl 3 watts and the coefficient of performance about 0,15, The cur-
rent was chosan tn give maximnium rave of heat pumplig.

L0,

SE 2L

The effect of the cooler-on the over-all performance ot the vunsight is shown in Figure D-24.«
Thi' i alio o1 the aetacttvity 5f the doeleclor atter It is cunled o tha datacticits S ginbicnt ltemperature
is valied the improvement facinr,

The inprovement tactor tor rande s the sqpeare root 50 thes, The
wiler was ianed o oatt doand, s i

S eHY

Clapsed, thie temperdatuie of the aetector decredased ana
When the cooler had been aperatin: £

the detecunats Bredsed. Lo 90 it te st oenos

et ot w2 K e

sptiature daties The temperature ! e detector ot this time
Wi Lot Medsared  Thie 1o

Ot e dettctivity corrasnands ¢ 0 U5 n pesvement 1D rangre,
Tl Gad wse g pretier coaler oo syti e <l cow- 0 0 sl de saeted Do cooled detee -
toers nroad e o

el s el ah Perlormadice. dowever. at shee

b horne in mand that

“
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Appendix E
SEMICONDUCTING MATERIALS
Th

Yhimas !.2...”;;.,' isnn Duncan, ond David Anding

SETACd delectar sdecsgner ot 15 ino o8 wilin tile LasK o1 perusi oy the Properties of Koow e,
T S O RN F LT T S S ST PO pliystcai, aptical, phatoclectrie, sl mechaeal
cluacterooneg gp detector fabricating. o apdep t5 SeleTinine wineh semer..anet o EELHECEE § T
Lesl oLy necessary 1o canduct a detailed Literature search, and often the properties of promising
STt suot be determmned experimentallv. For couvenienie. theretore, aLles of sein-
conduetors with hand £ condudive Lo detection e Hdrared spectrus nave been compiled. The
tables ilat the materiats, theye enervy waps, and the temperator e g winch the measurements wele

R N At SELUNTS SR JUP RO T PUOovcle e s L R . e il leratule.

TABLE kL FLEMENTS

Material Energy  Matertal Temp. Refer-
Gap Form®*  erature  ence
tesn) vK)

A 1.0 ETN 300 1

4 . i.35 sC 300 2 '

Ain n=3 Filen KIHH 3

Ge n-r2 sSC Joa +,5

tie 0.€8 S50 Ry I

(V18 U.fq SC 300 i

P (black) (p) 0.33 PC 400 ki

P {blackj (p) 0.57% pC ano 7

¥ (red) 1.5 rc 300 t

I 1.08 SC 300 1

It i.4 pe 300 ]

Y B Fidn e 4

Sit i ray) u. 12 F:lmn 90 a

5t 1.6 R nn !

A 1.4 ~0° KO Ha

> 1.1 RS €

3. 1! A
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' Getoute OGP acence mag iecrnsisge . The tinivareity Af Mitkigo-
~ar .
ot tSoasasllaaadt ds
Materiai Material Temp-  Refer-
. ; T raters e
wn e (O Wi
- i ~t RV
o v - Y
Gos - Ju 1o
Te 2.22 5o 350 is
Te 0.32 SC 300 15
i Te 0.75 Film 195 18
le .. Nt 3on 1
*SC = sinple crvstal: PO polyerystaliine.
TABLE 1 -2, BINARY COMPOL NS
\ e Fueres Mater g e Rere:
Gaatge Form Loalute cnee
St (R}
Agtie 0.83 sC aco =
Aszzh aay S R 18
{\_’2;‘; LR e iv
Ayt 0.4 300 20
Apate c.us Filne 35 21
AlA= 21 ~e KiH? P73
AlSh L 1.h5 He Juu P
AlSh in}t 18K a¢ Juu 23
Alsh 1.55 S¢C RIIY 24
RV [ au 100 22. 5
Al~h 1.0 e 300 t
Ajar- P 300

i et WA M U T TS COGT U N S ST T

Aa;Sey
Aagley

o 300
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